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PREFACE

This Flight Mechanics Panel Specialists Meeting on Handling Qualities Criteria was held to discuss
ef the current status, problems, activities and issues involved in the development and application of
L handling qualities criteria withirs the NATO countries. It was structured with six sessions and twenty-one
J. technical papers, with each paper followed by a lead discussor paper and then general floor discussion

in order to highlight differences in viewpoint in regard to the major topics. A round-table discussion
by Flight Mechanics Pancl members provided an overall summary and projection of 'Where do we go from
here?"

Attendance was limited to assure a small enough group to foster lively discussions. It was carefully
• pla-,ned, however, to include a wide cross section of designers, developers, acceptance and certification

authorities, and test pilots, as well as the technical experts and researchers in the various specialties,

who were fully conversant in one or more aspects of the subject. As hoped, the assembly of this inter-
disciplinary group, concerned with the research, development, specification, application and validation
of handling qualities, provided an excellent forum for the sharing of new results and very active

idscusslons. These highlighted problems and identified areas in which future work is required. A tour
of the National Research Establishment facilities was included in the three and one-half days of the
meeting.

The first two sessions were devoted to the stawus of flying qualities requirements and criteria, one
session for conventional aircraft and one for V/STOL. A review of the most recent U. S. and French flying
qualities requirements and the philosophy of the French E.S.A.U., which greatly influenced the
specifications, plus papers on commercial flying quality standards, AGARD 408A and flight test validation
efforts provided a continuous catalyst for discussion throughout the meeting. The third session reviewed
the establishment of flying qualities by use of ,uch techniques as analysis of current aircraft,
simulation and analysis, and pilot opinion ratings. The fourth session covered special problems and
interfaces, such as stall, post-stall gyratione, turbulence, ride control with flexible airframes and
influence of modern flight control systems. The fifth session provided a forum for discussions of man-
machine relationships and glimpses of research inderway in this important area. The subjective nature of
pilot opinion ratings and the role of the pilot as the ultimate judge of the adequacy of flying qualities
was a source of considerable discussion. The sixth session provided insight into the more general flying
qualicies research underway within NASA and the U. S. Navy.

to be concluded because of time limitations, despite the desire of many participants to contribute to the

discussions. Over one hundred twenty cournents were recorded during the meeting and are testimony to the
very active discussions :hat took place. The need for clarification of such basic terms as criteria and

specification and the application of handling qualities requirements signaled the importance of improving
communications and exchanging research and development information in this area. It was evident that the
meeting made an encellent contribution in this direction.

While coverage of the subject was as complete as practical within the time available, the meeting's
scope did not permit covering a numv.r -i ?reas of importance. The affect of flying qualities on accom-
plishment of military functions such as weapon delivery, fighter combat, and air-to-air refueling and
impact of the technical development of new flight control systems and pilot displays had to be reserved
for a future discussion.

The round-table discussion at the end of the meeting summarized key issues brought out in the meeting
and highlighted the useful role that AGARD can play in standardizing many of the important models used in
the analysis and simulation of handling qualities, sharing results of mutual interest, identifying
important issues, and validating criter.: by means of flight tests.

I would like to thank all (if those that have contributed to the success of the meeting:

- The National Aeronautical Establishment for its fine hospitality

- Mr. Wasicko for his help in assuring the arrangements

- The Panel Members who assisted in arranging speakers from the participating countries

- Messrs. Westbrook and Carlson of the USAF, atho assisted me in the preparation of the
program.

WILLIAM E. LAMAR
Member,
Flight Mechanics Panel
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COMPARISON OF FRENCH AND UNITED STATES FLYING QUALITIES REQUIRFWENTS
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SU*QARY

"This comparison of flying qualities requirements shows that the two sets of criteria are basically
the same in intent and goals. Requirements for new aircraft must be more sophisticated because the
aircraft are more complex. Requirements have been added to account for equipment failures. the way
the aircraft are to be used, where they are to be used, and how well they must fly. All of these items

are included in the two specifications, E.S.A.U. and Mil-F-8785B. The use of probability is a signifi-
cant change from previous criteria, and it is used with equipment failures in both specifications.

The technical requirements that a new airplane must meet are more and more difficult to apply to
modern airplanes for the following reasons:

- The classic technical requirements, generally based on established experience, make a priori
assumptions on the configuration, the technology, and the use of the airplane or on the reliability
of its systers. Con~sequently, the cases assumed to be critical for which the requirements must be
applied are not always the really critical ones experienced in o.:.-rational use.

- The requirements are often rules of thumb. In other words, they are only methods to insure the
safety in particular cases, but 'he involved elementary objectives of safety are not mentioned. To
prescribe a rule of thumb, even if it is well justified by the established experience, may be dangerous I
for two reasons. It risks stopping the evolution of the technique and does not insure the safety in
every case (for instance, a change of configuration or technology may make a rule of thumb useless or

The simple handling qualities requirements become more and more null and void due to the complexity
of modern aircraft with their flight envelopes in altitude and speed and with the increasing importance
of the capability to take-off and land with bad visibility.

This situation appeared critical on the European side when we had to specify the handling qualities
and performance standards for Concorde. The general purpose of requirements is not exactly the same :1
for civil and military airplanes, but the problem of elaboration of requirements is equivalent. Afterhard, long, slow work and the publication of a great number of working papers, preliminary drafts,
drafts, approved text, and revised text, a handling qualities specification, approved by the manufacturers

and the Franco British airworthiness authorities, was published in July 69 and called TSS-5, Issue 2.
The requirements are based on new principles wi.ich were elaborated at this occasion. These principles,
known for a moment as "Philosophy of TSS-S", are very veneral and applicable to every type of piloted
airplane; the TSS Standard S is only an application of this philosophy to supersonic transports. These
principles have been given in their generality in a paper called E.S.A.U. which means "Etude de la
Securite des Aeronefs en Utilisation"; in other words, Investigation for Sifety of Aiicraft in Service,
and which may '- translated by I.S.A.A.C.S. for "'Investigation for Safety of Aircraft and Crews in
Service".

In this title, the words "in Service" are very important. They mean that it is fundamental to
consider the way of use, in other words, the mission of the aircraft. It is evident that the require-
ments for take-off must not be identical for a supersonic heavy bomber and for a VTOL fighter. This
is also true, but not so evident, for a supersonic bomber and a supersonic transport. Indeed, the
objective of the requirements shall be the same, i.e., "to assure that no limitations on flight safety
will result from deficiencies in flying qualities during take-off"; but since the missions are different,
the requirements may be different.

E.S.A.U. put this idea into evidence to show that differences between transport airplanes were not
only a question of weight and number of engines but also to show the need to adapt the requirements N

to the specific mission of supersonic transport. In the new military specification of the US Air Force
which was written for every type of aircraft, it was also necessary to use this basic idea.

The objectives of the French and US specifications are similar, but there is a significaint difference.
It has been stated previously that the French objective is to assure that there will be no limitations
on flight safety due to deficiencies in flying qualities. The US objective is to assure that there will
be no limitations on flight safety or mission effectiveness due to deficiencies in flying qualities.
The addition of the words "mission effectiveness" is the major difference between the two specifications
and the requirements in them. There is a need to specify, in as many cases as possible, what is meant
by mission effectiveness. The numerical values placed on the flying qualities parameters are done to
assure a mission effective airplane.

Specifications are also intended to be used before the airplane is delivered for flight testing.
The specification should be used for desigi. requirements and as criteria during the stability and
control development which includes analytical work, ii..d tunnel results, and simulations. The US
specification was prepared to be adaptable to this multiple use idea. All the requirements were to

& A,



be able to be dmonstrateii by flight test methods. They were also to be capable of being used during
the various phases of development mentioned above. These thoughts were constantly kept in mind during
the preparation of the specification which went through the same cycle as the Prench specification,
that is, many drafts and revisions before it was issued in August 1969, just a month later than the
French specification. Mil-F-878SB has now been in use for two years and has already undergone one
revision. Mil-F-878SB is entirely a military specification and is not used by the civil authorities
in the US,

Now to return to the thought of safety and mission effectiveness.

For nearly all commercial airplanes, the mission is the same whether it is to carry a man and his
wife on a sightseeing trip around Ottawa on a pleasant afternoon, taking off and landing at the same
airport, or flying a rock group from a TV appearance in Paris one day to a TV appearance in New York
the next. The mission is the same - take people from take-off to landing safely. In this case, safety
and mission success are the same thing. If the passengers arrive safely at their destination, the
mission is a success. Perhaps there should be something mentioned about on-time arrival being related
to mission success, but that will not be discussed here. Generally, this type of flying involves
mall excursions of load factor near the load factor of one.

The. military situation is different. There is a definite difference between mission success undsafety. There are military missions that are the same as the mission of the commercial airplane and
involve moving people from one place to another where safety and mission effectiveness are the same.
MIost military missions are different. For combat aircraft, such as fighters and bombers, mission
effectiveness and safety are not the same. The airplane may have returned to its base with completo
safety; but if It did not hit the target or did not destroy the enemy aircraft or cause it to turn
back, the mission effectiveness was zero. Similarly, if the airplane destroyed the target or the
enemy aircraft, it had a very high mission effectiveness even if it did not return from the mission
and did not sna'-jfy the desire for safety. The goal is to be successful for both safety and effective-
ness. Even the military airplane mentioned previously which carried people may have a mission which
must consider this difference. This same airplane maý be required to make an aerial delivery of cargo,
be used as a gunship, or modified for some other combat bilssion.

Because of the necessity to consider mission success, it was necessary to prepare requirements
that included all the various missions. The task was too complex to have a different requirement for
each and every mission. It was possible to group several basic missions together in order to have a
c0assification of aircraft of related or sufficiently similar m~ssions that requirements could be
applied to this class. For Mil-F-B7SSB, four different classifications or broups were made and
designated as Classes I, II, 1II, and IV. The classes are based not only on the intended use of the
aircraft, )ut on size, weight, and maneuverability as well. Weight and maneuverability are used todefine the four classes. Class I airplanes are small and light, generally 12,000 pounds or less.
Class II nLrplanes are medium weight with low to medium maneuverability. Class III likewise are low
to medium naneuverability but are heavy. Class i¢ aircraft are the high maneuverability airplanes.
If the cla:;sification had been done by weight alone, then low, medium, and high maneuverability
airplanes would have the same requirements and since their missions are usually quite different,
the classe:;/groups would not make much sense. In such a case, both a fighter and a short range cargo
plane would have to meet the same requirements.

Even when the general purpose or class of the airplane has been established, it is necessary to look
at the mi:,sion and its parts. The type of aircraft gives only a general idea of its use. But it is
evident that it is necessary to look at the mission with many more details to specify the requirements.

we divide the flight into a certain number o'. oarts :;• call Phases.

A Phase has a general purpose. For instance, the Phase "climb" has the following purpose. From
the height of fifty feet after take-off, fly the aircraft until reaching the altitude of cruise,
following a given ground pattern. Generally a Phase is still too complex and may include toomany different maneuvers. So it is necessary to divide each Phase into a certain number of
elementary parts called Sub-Phases. A Sub-Phase has one elementary purpose. For instance, during
the Phase "ILS approach", we can look at the Sub-Phase "final descent", the elementary purpose
of this Sub-Phase being:

•-sing iLS, fly the airplane in descent, until reaching three hundred feet in a good position to
make a visual landing. We have to notice that the objective of each Sub-Phase is given with
tolerances taking into account the possibility of performing the next Sub-Phase. For instance,
we may divide the ILS approach phase in four Sub-Phases which are!

Sub-Phase 1. Search ol the localizer.
The purpose of this Sub-Phase is to reach the vertical plane of the omcalizer at the height of
one thousand and five hundred feet with good heading. It is evident that there are tolerances
in position, altitude, and heading.

Sub-Phase 2. Waiting the glide.
The purpose of this Sub-Phase is to reach the glide plane at the height of one thousand and five
hundred fee\ with the good heading.

Sub-Phase 3. Push over.
The purpose of thih Sub-Phase is to place the airplane in good position and attitude to begin the
descent.

And last, Sub-Phase 4. Final descent.
We have already seen the purpose of this Sub-Phase. Place the aircraft in good position at three
hundred feet to make a visual landing.
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The handling qualities required in order to perform each Phase and Sub-Phase ar- not exactly the
same. For instance, high stability is more favorable for the approach phase than for the transonic
acceleration rhase.

This division im.to Flight Phasee is necessary when building new irements to be sure not to

forget some important criteria to be checked in order io assure that the airplane is able to perform
the total flight.

In Mil-F-876'B, there is also the need to look at the mission in its component parts. This mission
itself is much too large to have a given set of stability or maneuverability requirements apply at all
times with any val lity. For this reason, the mission has been broken down into components which are
called Flight Phases. As with the French requirements, each Flight Phase has a general purpose. The
purpose is usually obvious from the name of the Flight Phase. For example. take-off, climb, air-to-air
combat, descent, land, etc. The name of the Flight Phase is descriptive enough without requiring further
definition.

"Because of the need to consider mission success and to have criteria that will tell the designer
what flying qualities must be provided, most of the requirements in Mil-F-8785B are quantitative. Vie
task of providing quantitative requirements for each different Flight Phase was very difficult. To
further separate the Flight Phase into more precise Subo-Phases, each with its set of quantitative
requirements, wo-'" make the job of writing and keeping a listing of all requirements terribly difficult
and would result .., an intricate and unwieldy set of criteria. In addition, there were not enough data

to allow the preparation of such a set of requirements with any reeling that it could be justified. It
was even necessary to take the complete list of Fli..t Phases and combine them into a more usable
arrangement.

The various Flight Phases can be grouped according to the t'/pe of task that must be accomplished.
It was found that in piloting evaluations in flight and in sime.d .ors, pilots can rate a mission segment
similar to the Flight Phase. ehe ratign assign., wil.l be based i o, the ability and need to perform sm
certain tasks of varying precision. It was also foJ.ri. chat there was A similarity of tasks in many

Flight Phases so that the Phases could be grouped. At. fi-st, all !)hases were separated into a terminal
operation group and a non-terminal operation group. Then the non-terminal group vcas divided into two
groups based on the maneuverability or precision requirer; This resulted in three Categories of Flight
Phases, A, B, and C. Category A Phases require high preca:o., or rapid maneuverability or both.
Category B Phases require gradual maneuvers and not much precision while Category C Phases are in the
vicinity of the airport or base. These Category C maneuvers may 'ive to be very precise but are usually
of small amplitude and are classified as gradual.

All the Flight Phases of an aircraft are listed and placed in the proper category. It is not
necessary for an airplane to have a Flight Phase in both Category A and B, but C is certainly always
required. Every portion of the mission must be included in a Flight Phase so that there are no gapn
between Phases.

It is now necessary to describe how wsell the airplane must fly in the Categories and Flight Phases.

Having given these first definitions taking into account the use of the aircraft, we can ask for

the level of handling qualities we require.

It is evident for purely mathematical reasons that we cannot require a level of handling qualities
so high that the accident becomes strictly impossible and that we are sure to perform every mission.
We ought to accept a not zero probability of accident or of failure of the mission.

The s iction of an acceptable value poses than many philosophical and practical questions. Let
us bear in mind that any discussion of this matter must be relegated to the realm of theory, at least
for the next decade, since it is not possible to determine the absolute value of the probability P
of an accident.

On the point of view of civil transportation, the average passenger is directly concerned about
the probability of accident. He would like it to be as small as possible. He may even wish it were
absolutely zero! From a ,cientific point of view, we know that such a condition is unattainable; but
we must acknowledge that, for psychological reasons, it is extremely dI'ficult for an individual to
admit this. This attitude is one of the stumbling blocks which rust be overcome if probability methods
of certification are to be pursued. To appreciate the importance of this, we need only imagine the
success of an airline company which based its advertisements on the slogan 'We have ten times fewer
accidents than any other means of transportation" or "You have less chance of perishing over the Atlantic
on our airplanes than while crossing the Place de la Concorde, Picadilly Circus, Times Square, or
Wellington Street on foot". A company cannot officially admit to the public that a certain accident
rate is inevitable, and, what is even more serious, that this accident rate is predictable.

Thus in the silence of the office (where everyone believes that the probability of perishing within
the next hour is zero!), we are led to ponder the reasons which prompt an average passenger to uncon-
sciously accept a certain probability of risk. In general, once the necessity of traveling has been
established, the selection of a means of transportation is made by weighing the comfort against the
risk associated with each available mode. By comfort, we mean a very general term in which the length
of the trip is a factor. An increase in comfort can .make an increase in risk acceptable.

A rule can be tentati-ely accepted in order to guide the certification authorities in the definition
of a maximum acceptable value.

The probability of accident for a given aircraft should be the same order of magnitude as it is for
its competitors. It can be slightly greater if it is ackniwledged that an aircraft provides geater
comfort by virtue of its speed. In any case, a maxiamu value which may never be exceeded is derived
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from the accident probability of aircraft belonging to the preceding generation.

We have been viewing the situation from the point of view of the average passenger who is only
concerned about the probability that he will perish duxing the flight. If he is to die, he does not
care whether he does so in the company of 50 or 500 people. In other words, he does not take the size
of the aircraft into consideration. Or. the other hand, for the airline company, an accident proba-
bility per flight represents a certain financial loss which increases with the size of aircraft and
the frequency of flights.

The government views the situation in almost the same manner, Zince the loss of human potential
per year for a given value of the probability of accident is proportional to the number of transported
passengers.

And last, the selection of the acceptable probability of failure of the mission is governed by
similar reasons. It is a question of efficiency of the system taking into account the available
numbers of aircraft and pilots, the scheduled number of missions, the scheduled duration of the war,
and so on. A cost effectiveness study can theoretically provide the answer. For civil transportation,
the only rule we will use is the following.

The accident probability of an aircraft should always be less than that of the aircraft of the
preceding generation. An increase in comfort brought about by the introduction of a new generation
cannot, in any case, serve as a justification for lowering safety standards.

So to assure that the probability of accident or that the probability of failure of the mission
is reasonably low, we ought to require a high level of handling qualities for the flight cases highly
probable; but we may accept a lower level of handling qualities for unusual flight cases.

First, look at the concept of Level of handling qualities.

A Level is a relative value or amount of goodness of a stability and control or flying qualities
parameter. It is used to relate flying qualities to mission effectiveness and safety. Three Levels
of flying qualities have been used in the requirements of 878SB, and they can be directly compared
to pilot ratings that have been obtained in flying qualities experiments. The three Levels have been
defined in association with the ability to complete the missions for which the airplane was designed.The Levels and the pilot ratings which go with them are:

Level 1 - Flying qualities clearly adequate for the mission Flight Phase. Pilot ratings 1 - 3.5.

Level 2 - Flying qualities adequate to do the mission Flight Phase, but with some increase in
pilot workload or loss of mission effectiveness, or both. Pilot rating 3.5 - 6.5.

Level 3 - Flying qualities such that the airplane can be controlled safely, but pilot workload
is excessive or mission effectiveness is inadequate, or both. Pilot rating 6.5 - 9+.

The pilot rating scale used here is the Cooper-Harper scale.

It is desired that Level 1 flying qualities be provided to the pilot as often as possible, but it
is realized that failures will occur and that a reduced Level will be experienced. When the reduced
Levels occur, they nimst be safe and will probably have some impact on the mission. For Level 2, it
is intended that the mission continue with a reduced chance of complete success and with the pilot
working harder to achieve the success. For Level 3, it is expected that there will be little chance
of success, that the mission will be aborted, and that the pilot workload will be high. If the airplane
is performing Category A Flight Phases, they shall be safely terminated, and the Category B and C Phases
shall be completed.

In as many places as possible, thp requirements have been presented with three values or Levels.
In some cases, the data are not available to allow three Levels.

It is intended that Level 3 represent an airplane that is a minimum safe values airplane. This
is not always true if only one parameter is considered at a time. Level 3 values, in some cases, were
increased over the barely safe value to allow for the degradation of several parameters at once. This
has been done with some hesitation because not enough is known about flying with several parameters
at the Level 3 value.

If the characteristics fall below the minimums for Level 3, a flight safely problem exists and the
return of the aircraft cannot be assured.

With this philosophy and organization of the requirements, it is now necessary to present some
definitions. Before considering the probability of a flight case, it is necessary to give some defini-
tions concerning the airplane itself.

The controls may be divided into two types:

- controls we call selectors which are the controls maintained in fixed position during the Sub-Phass,

- and main controls which are the controls used in the pilot loop during the Sub-Phase.

We have to notice that accord.ng to their use during the Sub-Phase, controls may be alternately
selectors and main controls; for instance, the pitch trim and the throttle are selectors during take-off
and main controls during approach.

A Sel.!cted Configuration is defined by the position of the different selectors. For each Sub-Phase,
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t27 there is one Selected Configuration o a change of Selected Configuration given in the flight manual.

Parallel to the Selected Configuration, we define the True Configuration which is the result of a
failure situation on a Selected Configuration. We have to note that for each Sub-Phase, there is only
one Selected Configuration but a set of possible True Configurations.

The State of the Airplane during a Sub-Phase is then given by:

- a True Configuration,

- a mass of the airplane,

Sand a given distribution of mass. Generally this mass distribution is given by the longitudinal
position of the center of gravity.

In the Mil Spec 8785, we find similar definitions:

8785B also uses Configuration and State of the Airplane. The Selected Configuration is defined by
the positions and adjustments of the selectors and controls which do not change during the Flight Phase.The other controls that do change, such as elevator, aileron, etc., are not included in the SelectedConfiguration. The State of the Airplane is the Selected Configuration and the functional status of

the equipment - the same as the French True Configuration. In addition, weight and center of gravity
envelopes for each Flight Phase must be provided as well as the moment of inertia variations. The
requirements apply to all the conditions included in these envelopes. Hence we now have a situation
identical to the French State of the Airplane.

We now arrive at a point where the two requirements are different. We shal) note here a small
difference between the Mil Spec and E.S.A.U. In order to define the Probability of a State, E.S.A.U.
takes into account not only the probability of occurrenco of the failure of the different systems but
also the probability to fly with the mass and the position of center of gravity given in the definition
of the state. It is only a theoretical subtlety which does not change anything in practice.

We shall see now a more important difference between E.S.A.U. and the Mil Spec.

In 8785B, the required level of handling qualities is connected with the probability of the State
of the Aircraft. Indeed, it would be better to connect it with not only the state of the airplane but
also with the State of the Atmosphere.

In E.S.A.U., the State of the Atmosphere is defined by the set of all the characteristic parameters
which can modify the behaviour of the airplane and the behaviour of the crew, for instance, wind, tempera-
ture, gusts, clouds, rain, hail, birds, and so on. The investigations made on the subject have shown
that after having classified some factors like birds and hail among the origins of different failures
and consequently through their effect among the different failure states, we can reduce the set of
factors to only seven which are:

- Pressu:r,- - ".emperature and humidity which act mainly on perfornance.

- Intensity of turbulence which can be measured by the root mean square of the vertical and horizontal
components of gust.

- Temperature gradient.

- Visibility.

And last, for the take-off and landing phases, the laws of variation of wind, force, and direction
versus altitude.

In a similar way, the State of the Runway is defined by

- its length and width,

- its mean slope,

- its profile, in other words, the undulations, and

- its coefficient of friction.

It is evident that these factors have an influence on the handling qualities, and that it is
necessary, for instance, to look at the behaviour of the airplane in rough air or on icy runways.

But we have to confess that for the moment, this point of view is purely theoietical, and that,
in the state of our knowledge, it is not easy to build and mainly to check these types of new require-
ments.

Nevertneless, everybody is working now on the problem of gust measurements, turbulence statistics,
gust alleviation devices, friction coefficient measurements, take-off art landing distance predictions
on wet and icy nriways, and so on. All these invwstigations still belong to the realm of research
but will provide, in the next few years, the necessary basis for modern requirements.

The military specification does not try to assess a probability of a certain mass, distribution of I
the mass, or the center of grrvity. When the extremes of these parameters are defined by the envelopes,
a probability of one is assumed for every point entlosed by the envelope. The require'ents apply equally



to all these points.

lThe State of the Atmosphere is also accounted for in a somewhat different manner than by E.S.A.U.
The level of turbulence in terms of vertical and horizontal gusts for which the requirements apply isI; defined in the specification. The particular requirements which must be checked against turbulence
have this notation in the individual requirement paragraphs. Also requiresents for crosswinds, icy
runways, and other special situations are noted in the individual requirements rather than being applied
everywhere. In other words, 8785B treats the same problems as E.S.A.U., but one at a time, requirement
by requirement, rather than all at once. The problems of the State of the Runway, which are a part of
E.S.A.U., are not a part of 8785B. For our use in the United States, these are performance parameters
and are specified in performance documents.

An important divergence between E.S.A.U. and Mil Spec is the concept of flight envelope.

In E.S.A.U., a task is defined by:

a Sub-Phase, given by its elementa'ry objective with tolerances, the State of the Airplane, th!
State of the Atmosphere (and the State of the 'Runway, if 1iecessary), the chosen Flight Technique and
the Secondary Work. By Secondary Work we mean, fcr instance, radio traffic, navigation, reading
checklist, and so on.

The Flight Technique is a guide to help the pilot to observe the limitations during the Sub-Phase,
for instance, maximum angle of attack, and to observe the elementary objective of the Sub-Phase within
the tolerances. The Flight Technique is generally given in the flight manual by relationships between
the different flight parameters used by the pilot (speed, altitude, attitude angles, angle of attack,
and so on, if provided on the instrument panel).

Then we define two types of flight envelopes.

- First, the Authorized Flight Envelope, which, chosen by the contractor for each set of State of
the Airplane, State of the Atmosphere, is the envelope where the flight, temporarily or vermanently
out of the ground effec,, is authorized. This envelope includes in the plane, altitude-speed, every
airpath followed on performing the different tasks in relation to the set State of the Airplane and
State of the Atmosphere. The set of task: in relation with a given set State of the Airplane, State
of the Atmosphere is formed, on one hand ay the tasks of the same Sub-F':ase which differ by the Flight
Technique 3nd on the other hand by the tasks belonging to other Sub-Phases, but in relation with the
same set of states.

In service, the crew is authorized to fly the airplane for a given set State of the Airplane -
State of the Atmosphere, only in the Authorized Flight Envelope related to this set.

- Secondly, the Circumscribing Flight Envelope into which the aircraft may fly. The excursions into
this envelope can be due to pilot errors, failure, turbulence, maneuvers, and so on. When the pilot
notices that he is flying in this envelope, his first job is to come baek to the Authorized Flight
Envelope. The Circumscribing Flight Envelope -rovides a margin between normal flight conditions and
dangerous flight conditions, like -.tall, o•upressibility buffet, flutter, structural limits, and so on.
The procuring activity shall define the width of the Circumscribing Envelope and shall check that no
dangerous phenomena occur inside this envelope.

The following remarks can be made about these definitions:

- Flight crews are authorized to fly an aircraft within the Authorized Envelopes; however, this does
not mean that they can perform any maneuvers they wish. They must follow only the paths described by
the selected Flight Technique.

- Each Authorized Envelope is defined for a Selected Configuration, a failure situation, a mass, a
CG location, and a State of the Atmosphere. Each time a change is made in one of these parameters, it
is accompanied by a moodification of the Authoi.-ed Fnvelope. To !:mplify zattes, t;c designer will,
when possible, define one Authorized Envelope for several States of the Aircraft and of the Atmosphere.
For example, for the Selected "Cruise" Configuration, the same Authorized Envelope could be assigned
to all States of the Aircraft corresponding to a certain range of masses and CG locations, as well as
a certain number of failure situations. On the other hand, in the case of States of the Atmosphere
corresponding to appreciable turbulence and in the case of certain failures, different Authorized Flight
Envelopes may be defined (e.g., reductioi. of tne maximum authorized speed under turbulent conditions,
in case of malfunction in the hydraulic circuit or failed damper).

- If the boundary of the Authorized Envelope is likely to be crossed frequently enough to coutpromise
the safety (this could be due to the lack of a physical boundary or to frequent flights along the
boundary), and if the definition of this boundary is very complex, the crew will be alerted by a
warning system.

On the other hand, measures must be taken to prevent the crew from flying the aircraft ouAtside the
new Authorized Envelope as a result of some modification in the Selectcd Configuration. In most cases,
it is so easy t. follow the instructions of the flight manual (e.g., reading the checKiist" that the
probability of error remains at an acceptably low value. For example, it would not occur to any pilot
to accidentally lower the landing gear above the maximum authorized speed. Nevertheless, the certain
special cases, it may be necessary to prevent error by the use of an interdiction system which bars
variations in configuration outside of the Authorized Envelope.

And last, when the Authorized Flight Envelope corresponding to a given failure state is narrower
than the Authorized Flight Envelope corresponding to the normal State of the Aircraft, the new Circum-
scribing Envelope must be larger than the normal flight envelope, As a matter of fact, in case of



sudden failure during a flight at the boundary of the normal Authorized Envelope, the aircraft is then,
nevertheless, in a new Circumscribing Flight Envelope, in other words, far enough from dangerous
conditions.

These definitions of flight envelopes are quite different from the old ones. In the previous
definitions, the Authorized Flight Envelope was defined by a given margin between the boundary of the
envelope and the dangerous phenomenon. For instance, the minimum approach speed was 1.3 tiz:,s the
stall speed. Now the manufacturer defines the minimum approach speed \.-app, the procuring activity
defines che margin of thirty Itrcent and checks only that there is no dangerc•z phenomenon like stall
between \,app and \,-app.1.3.

This new approach to the problem had two reasons:

If the manufacturer has no operational reason to use the aircraft as near as possible to the
dangerous pi.enomenon, there is no need to increase the flight envelope to include unused conditions.

- It is more and more difficult to give a precise definition of a limit speed corresponding to a
given dangerous phenomenon. Everybody knows, for instance, that there is not a precise stalling
speed for a delta wing.

Let us look now at the definitions of the flight envelopes of the Mil Spec.

It is necessary for 8785B to define in some manner the limits of speed, altitude, and load factor in
which the airplane is to perform and in which specifi: flying qualities are required. It did nor make
sense to prepare precise requirements and have them apply at all speeds or all altitudes. The precise
requirements should only apply at those conditions where they are needed and other values should be
required at other conditions. This is done with the view of avoiding overdesign and reducing costs and
complexities that occur from overdesign. In 8785B, the method has been to use flight envelopes. The
boundaries of the envelopes are not to be determined by flying qualities limitations but on how the
airplane is required to be used.

Three different flight envelopes are required for each Flight Phase to be used by the airplane. The
envelopes are Operational, Service, and Permissible. The envelopes are three dimensional using speed,
altitude, and load factor. Usually they are shown as two dimensional envelopes of speed-altitude and
speed-load factor.A

The boundaries of the Operational Flight Envelopes enclose the regions where it is necessary for the
airplane to operate to perform its design mission, and therefore, regions where it is necessary for the
airplane to have good flying qualities. Some of the boundaries can only be determined during detailed
design and should be arrived at by discussions between the contractor and the government. The design
conditions which describe the operational missions should be inside this envelope. The Operational
Flight Envelope should be as large as possible to permit freedom of use but not so large as to result
in significant penalties in cost and complexity. Another advantage of using the Operational Envelope
is that it shows the user that if the missions are changed after the airplane is designed and flight is
now planned outside the original Operational Flight Envelope, it must not be assumed that good flying
qualities will be assured.

The next larger envelope is the Service Flight Envelope, and it must always be at least as large as
the Operational Flight Envelope. The Service Flight Envelope is prepared considering that there will
be occasions when it is necessary to have flight outside the operational Flight Envelope either inadver-
tently or by some changes in mission requirements. When this happens, there must be some reduced level
of mission effectiveness which is sufficient to allow the iilot to accomplish the Flight Phase. The
requirements for the Service Envelope are less severe than for the Operational Envelope. The change or
deterioration of flying qualities is to be gradual as the airplane leaves the Operational Envelope.

The outermost or largest envelope is the Permissible Flight Envelone. and it botmds a)' the regioins
where flight is possible ane permissible. This envciope establishes the limits of flight which should
not be exceeded. In some cases, the limits cannot be exceeded, for example, thrust or drag or control
power limits prevent the airplane from passing outside the boundaries. In other cases, the boundary is
a number which the airplane is physically capable of exceeding but must not to avoid structural damage
or loss of control, for example, stall angle of attack or limit load factor.

The Operational Flight Envelope boundaries cannot be defined or prescribed by the flying qualities
specification since they are determined, for each Flight Phase, by the requirements and needs of the
missions. Service and Permissible Flight Envelope boundaries are functions of airplane capabilities
rather than mission requirement: and have been defined. These boundaries are based on maximum speeds,
stall speeds, structural limit load factors, buffet speeds or load factors, and temperature of engine
limit speeds.

Something must be said about :he number of envelopes that vr'e prepared to satisfy the requirement
of 87858. With three speed-altitude and three speed-load factor envelopes to be prepared for each
Flight Phase and other envelopes to account for each possible loading of external stores plus envelopes
.or different wing sweep position, moments of inertia, center of gravity, etc., it was calculated that
for one airplane there could be 367,427 envelopes. In practice, it has been possible to reduce this
number to somewhere between 20 and 40 envelopes.

When the envelopes have once bee, prepared, they provide very valuable information. They define
where the airplane will be used. They show where the flying qualities will be best and where they can
be reduced because of lower frequency of operation. Airframe and equipment designers can concentrate
their efforts on the more important areas and can perform trade-off studies to get the proper balance
between aerodynamic and augmented flyirg qualities.

The envelopes do not change due to failures. It is intended that the envelope describe where the
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airplane must perform its functions and even following failure, the same task may have to be done.
Therefore, the size of the envelope is the same after failures occur.

The differences in concept and application of the use of envelopes between the two specifications
are primarily due to the safety versus mission success philosophy. The Circumscribing Envelope of
E.S.A.U. is the same as the Permissible Envelope of 8785B. The Authorized Envelope has the same use
as the Service Envelope of 8785B. The Operational Envelope of 8785B is not used in E.S.A.U., and this
should be expected since the requirements of E.S.A.U. are for safety. Mil-F-858SB looks for mission
success as well as safety and is a specification used by the customer with the mission to perform.
Therefore, an Operational Flight Envelope is iecessary to define areas of flight where the mission isintended to be flown. E.S.A.U. is a specification for airworthiness standards and an Operational

Envelope is not needed. The customers, the airlines, should request their own Operational Envelopes
to be used with the Authorized and Circumscribing Envelopes of E.S.A.U.

It is now necessary to bring all these definitions and considerations together and apply them in
the form of requirements considering the level of flying qualities.

The gLneral purpose of every requirement is to improve the safety of flight for civil aircraft or
to increase the probability of fulfilling the mission for military aircraft.

The study of incidents which may increase the probability of accident or of failure of the mission
shows that they can be classed into two categories, the incidents which could have been avoided by a
modification of the configuration of the aircraft, of its technology and of its way of use, and on the
other hand, the incidents which come from the failure of people or material involved in guidance and
in traffic control.

We only have to deal with incidents of the first type which occur when a factor which characterizes
the behavior of the airplane or of a part of the airplane crosses over a critical value. The origin of
these critical values may be aerodynamic (for instance, maximum value of the angle of attack), structural
(for instance, maximum load factor, maximum rpm of the engines), the:modynamic (maximum fuel flow of
reheat), and so on. It is easy to see that a limit may be crossed over after a set of events which can
be classified into three categories.

First type of event. The pilot has at his disposal all the controls necessary to maintain every
factor between limits, but the task is too difficult to fulfill for a human operator, because, for
instance, the frequency of data neceszary to control the airplane is too high because the pilot does
not know the relative values of the critical parameter and its limit. Consequently, the pilot lets the
parameter cross over the limit. This type of incident is called a pilotability incident.

It was necessary to create a new word in French and in English, because there is no known word for
that type of incident.

For the second and the third types of events, the pilot is not involveJ. Let us look now at the
second type. An external perturbation, a gust, for instance, or an internal one, like a failure, either
modifies the value of a critical parameter or modifies the value of the limit itself. For instance, a
gust increases the angle of attack, an engine failure increases the side slip angle, a failure in the

flowing flap system reduces the limit of angle of attack. This type of event is called incident due to
sensitivity to perturbations.

And last, the third type of event. To follow the airpath prescribed by the air traffic control to
avoid an obstacle or to meet again the desired airpath after a divergence eue to events of the two
previous types, the pilot has to make a mancutver which modifies the values of the different factors.
For instance, a pitch-up maneuver increases the angle of attack and brings it nearer to the limit. This
last type of incident is called maneuverability incident. An example will show more clearly how an
accident can occur as a result of a set of events of the three types.

During an ILS approach without visibility, the stability augmentor systems and the autothrottle
having failed, the pilot lets the speed and the altitude decrease and loses fifteen knots and fifty feet.
This is a pilotability event due to a lack of stability; the safety margin fo,* angle of attack has already
been reduced by the loss of speed. Noticing the error in altitude, the pilot begins a pitch-up maneuver;
this maneuverability event again increases the angle of attack. And last, a strong gust adds its effect
to the two previous increments of angle of attack. The angle of attack reaches the limit which involves
a stall.

So a set of events of the three types can bring a parameter beyond the limit.

Consequently, the objective of each requirement of handling qualities is to reduce the probability
of occurrence of an event of one of the three types.

As we have already seen, to assure a reasonable level of probability of accident, we must require a
high level of handling qualities for the flight cases we meet daily, in other words, for the normal
flight cases. But it is possible to reduce the required level for low probability cases; as a matter
of fact, the probability to hzve an accident in a given flight case is the product of the probability
to be in this ced-.zltion by the conditional probability to trespass a limit from this condition. So for
a given level of safety, this is to say for a given total probability, the acceptable conditional proba-
bility may increase when the probability of the flight case decreases. In other words, the level of
handling qualities which is directly related to the conditional probability of trespassing a limit can
be degraded for low probability cases.

We have spoken about probability of flight case; let us look quickly at its definition. As we saw
above, even if the crew attempts to follow the Flight Technique selected at the beginning of each Sub-
Phase for a given State of the Aircraft and the At-osphere, the Flight Conditions will not correspond
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exactly to the pth prescribed by the Flight Technique with respect to altitude and speed. Deviation from
the ideal path may be due to piloting inaccuracies, instrument error, or gusts (remember that in a --A
turbulence of given intensity, gust of all levels may be encountered). These altitudes and speed
deviations from the ideal path corresponding to a given Flight Technique are called Excursions,

Practically, Speed Excursions are the most important, especially in low speed Sub-Phases. Since they
are more dependent on variations in flight qualities than are altitude excursions.

A Flight Case is defined by a Task and an Excursion made during this Task. We shall note that we e
have to relate the requirements to the Flight Cases and that we axe theoretically sib~ now to compute the0
probability of a Flight Case since a Flight Case is defined by a Task (Sub-Phase, State of the Aircraft,
State of the Atmosphere, Flight Technique, Secondary Work) and an Excursion since it is always theoreti-
cally possible to estimate the probability of each component. A good idea of the probability of excursion
may be obtained by flight and simulator tests. We know well enough the atmosphere. Remember that it is
not necessary to know the probability cases because we have only to deal with the total probabilities
higher than 10-9 and that this total probability is the product of the probabilities of the different
components of the flight cases. So we have only to deal with probabilities of excursion or probabilities
of atmosphere of the order of magnitude of 10-3. The main problem is the estimation of the probability
of the State of the Aircraft and more precisely of the probability of the failure situation. It is
nearly impossible to show by direct experiments that the probability of a failure state is less than
10-4 per flight. This demonstration should need about 2.3 104 hours of test without encountering the
failure (for a confidence level of ninety percent). ,

In order to show that the loss of an important function has a low probability, we have to compute
this probability starting from the probabilities of failure of the different components. This approach
has two important consequences.

- We cannot accept that a loss of a function, which may have hazardous conseqtv',ces for the flight,
should be the result of a unique failure. As a matter of fact, we cannot show directly that the proba-
bility of this failure is reasonably low. So we have to require to at least double the system, the
failure of which may have hazardous consequences. These are the same considerations which have led to
the philosophy of fail-safe.

- On computing the probability of loss of a function, we have to be very careful on assuming the
independence of the different systems. Even if the systems are physically independent, in other words,
if there is no common part (and particularly, it is very..difficult to have truly different sources of
energy), the occurrences of the failures are not strictly independent because the origins of the failures
are not strictly random. The origin of zhe failure may be vibration, teuperature, humidity, moisture,
pressure, and so on; and if the independent systems are physically identical, the same causes having
the same effects, the conditional probability of failure of a second system after the failure of the
first one is not at all equal to zero.

.a the reliabilit analysis of all the systems is, in our opinion, the most important and certainly

the most difficult problem we have to solve to build right requirements.

Let us look now at how the Mil Spec deals With this problem.

The two sets of requlrements agree on the important point that a high level of flying qualities must
be provided for the flight r-ases that occur frequently.

In the discussion of 87858, the State of the Airplane has been defined, i.e., the Selectad Configurat .on
ant the status of the equipment. The Selected Configuration can be listed for each Flight Phase to show
the position of the landing gear, wing sweep, augmentation on or off, etc. These have been called
Airplane Normal States and reprz;ent the conditions of the airplane in an unfailed, or normal status.

The situation after failure has occurred is an Airplane Failure ',te. All possible failures an.
combinatioiis of failuies are defined and listed so tne beginning No2;..al State may be modified by a large
number of possible Failure States. in many cases, these iailures can be expected to cause a degradation
in flying qualities. The amount of degradation must be determined. It is import&nt to know unere in the
envelope thv failure occurred for the change in flying qualities may be either critical or unaffected by
the particular flight condition. We have not been able to specify a probability of being in a particular
area of the envelope, so we have said that all points have a probability of one. Therefore, it is
necessary to determine the effect of the failure at the most critical condition within the envelope for
each Failure State.

It is important to know how oftcn each Failure State occurs. The contractor shall determine the
probability of occurrence per flighL of each Airplane Failure State.

When the effect of each failure has been determined, then the level (1, 2, 3) of flying qualities
for each Failure State is known. With the probability of occurrence of each Failure State per flight
then the overall, or cumulative, probability i-tr flilg.t of degradation of flying qualities to Lcvels 2
and 3 can be made.

Requirements based on leves of flying qualities are used in 8785B. For airplane Normal States,
Level I flying qualit..,s are required within the Operational Flight Envelope and Level 2 within the
Service Flight Envelope. This shows thal very good flying qualities are wanted most of the time in
order to assure mission success. Acceptable flying qualities are wanted in reasonably likely, yet
infrequently expected conditions. Some zhanges are expected due to failures, but. if the probability
is high, then there rust not be any degradation because the situation occurs too frequently. Within
the Operational Flight Envelope, th^ flying quzlities may degrade to Level 2 no more often than once
per 100 flights and to Level 3 no more often than once per 10,000 flights. Within the Servict, Flight
Envelope. Level 3 shall not occur mor- often than once per 100 flights. There are no specific
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quantitative requirements for flight outside the Service Flight Envelope (in the Permissible Envelope)
because this area is felt to be a transient conditions and it is only necessary that the airplane be
capable of quickly returning.

Level 3 is the minimum level of flying qualities to assure that a flyable airplane exists no matterwhat failures occur. No Failure State (with an exception) shall degrade any flying quality beyond Level
3. The exception is the Special Failure State. Some failures may have such extremely remote proba-bilities of occurrence that they are difficult to predict. When this occurs, and if the contractor can
justify his position, a Special Failure State is approved and such a failure can resut in flyingqualities outside the Level 3 limit. Typical of failures that would qualify for a Special FailureState are structural failures which would certainly affect flying qualities but are extremely remote.The Special Failure State is not to be used for those readily predictable cases that are worse thanLevel 3 or those cases where a failure is difficult to correct, and it is easier to ask for a Special
Failure State.

This method of specifying flying qualities is directly related to the French idea of pilotability.The use of three different levels is a way of expressing pilotability for they are concerned with howbard the pilot must work to do the mission. Failures can change the amount of work that must be done,and it is only on rare occasions that we allow the pilot to be highly loaded with work because the
possibility of an incident increases as the workload increases.

In conclusion, we believe that this comparison of the flying qualities specifications of France andthe United States has shown that they are basically the same in intent and goals. Requirements for newaircraft must be more sophisticated than previous criteria because the aircraft themselves are morecomplex and are capable of doing more things. Many additional considerations must be added to account-or equipment failures, the way the airplane is to be used, and how well it must fly in all portions of
tts flight envelope. All of these items are included in both of the specifications, E.S.A.U. and 8785B,i d they have been used in nearly the same way, although there certainly are some differences.

The paper has noted that the two specifications differ in their basic objective: safety for E.S.A.U.
&,d zission success and safety for 8785B. The same methods are used in each specification once these
objectives have been defined.

We believe that E.S.A.U. presents the more inclusive and theoretical approach to account for all the
possibilities that may arise. The military specification, from the beginning, has made certain simpli-fying assumptions to permit the practical application of the requirements. It has been necessary to
tLse mar.y simplifying Pssumptions when applying E.S.A.U. to specific aircraft.

The •inal resuwts of the work that was conducted in the two countries during the same time period are
flying qualities specifications that are extremely similar in the requirements that have ben considered,and the way these factors have been applied.
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LUD DISCUSSION

by
A. 0. Barnes

British Aircraft Corporation, Warton, U.K.

First of an, let ue congratulate M. Wanner and Mr. Carlson on the skilful vay they have led us through
the maz. of this complex subject. At first sight, they might appear to have set themselves an impossible
task - to give an homogeneous preaentation of two sets of flying qualities requirements having unrelated mbackgrounds, and different intentions. However, on closer examination, the tasks of writing requirements .

to ensure service acceptance on the one band, or civil certification on the other hand, are not din-
similar in principle, I

In both cases, the task is one of considerable sagnitud*e. To achieve generality, a large range of
possibilities must be considered. Modern airframe and engine technology can produce aircraft able to
perform over a wide range of speeds and heights, and unique flying qualities problems ore likely to occur
at different points in the flight envelope. Finally, the subjective nature of goo& flying qualities
dskes quantification difficult - a aituation which does not arise in other 'Stginuering '.pplications.

All Flying Qualities Specifications must have certain comon features. First, there must be a
classification of the types of aircraft to which the specification applies. Second, there must be a
classification of the flight condition/task to which a particular requirement oplies, and third, there
must be a classification of the configuration/status of the aircraft. The third classification then
allows the introduction of the concept of probability of occurrence - a concept which is common to both
TSS-5 and NIL 8785B. Simply stated, it says that the more likely a set of circmatances will occur. the
better the flying qualities beall be in these circumstances. By incorporating this principle, TSS-5 and
NIL 8783B represent a big advance over the older civil and military requirements.

The paper by Wanner and Carlson reveals how two independent Certification Auth.rities have canaged to
incorporate the above features into a working document. In addition, it high7ights the differences
between the two Specifications which inevitably occur in some areas. Such a comparison is invaluable,
since it indicates where improvements to either Specification might be possible.

Considering first the problem of aircraft classification, as Mr. Carlson points out, zi'-raft size or
aircraft weight are not by themselves good parameters. It is better to use a clsssificution which
incorporates the mission of the aircraft. Applying this principle, NIL 8785B has four aircraft
classifications I, 1, III, and IV. N. Wanner indicates that ESAU is fundamentally differený to NIL 82M Z
in this respect, because "safety and mission success are the same thing for civil aircraft". It is

debateable whether such a clear distinction can be made. The delivery of passengers to a nominated
destination in a mission, and can be modified for a variety of reasons without prejudice to safety.

Different types of mission, in terms of distance, duration, speed, height and prevailing conditions can

be postulated, and surely establish a need for a classification corresponding to that of 1IL 8785B.

Considering now the need to classify the flight condition/task, we see that ESAU (and TSS 5) uisýe the

concept of Flight Phases and Sub-Phases. Precise definition of these terms is made. A study of TSS 5
then shows that the specific requirements for handlirg qualities (in terus of stability or
manoeuwreability) are rarely related to either a Phase or a Sub-Phase. In fact one chapter contains

handlin qualities requirements for up and away flight, and a separate chapter relates solely to low
speed, low altitude flight. A further indication of the difficulty of using the Sub-Phase concept is
given when TSS 5 states that the Applicant will define the Sub-Phases.

The difficulty arises because of the impossibly large number of cases to consider, if a luge set of
sub-phases are permutated with various aircraft states, for a multitude of flying quality requiree.nts.

As Carlson points out, NIL 8785B gets out of the dilema by using oily three Categories, A, B an C, to
group the various phases of flight, and by indicating separateiy Which phases fall into each Category.
On the whole, we have found this arrangement satisfactory. Perhaps the only difficulty is to decide
wher Category A finishes, and Category B starts. For example, in the case of a Class IV aircraft

design, a strict interpretation of the Operational Flight Envelope (Table i) in NIL 8785B3 leads to the

conclusion that Category 4 covers all conditions other than Category C.

It is in the third classification, that of aircraft configuration/status, that the probability concept

may be conveniently introduced. Current aircraft designs can absorb several sub-system failures without

disastrous results, and we can even estimate the probability of occurrence of such failures. The new

Specifications admit this situation and allow degradation of flying qualities subsequent to failure.
-here is a correspondence between the concept of Levels in NIL 8785B, and True Configuration of ESAU.

Mr. Carlson goes a step further, and he bravely associates with Levels 1, 2 and 3 appropriate values of
pilot ratings in the Cooper/Harper scale. Perhaps the development of this scale has made its use in a
Specification possible. I wonder if M. Wanner might recommend a more cautious approach, since he has

often preached the danger of using pilot rating scales for Acceptance purposes.

In our experience, the concept of Levels 1, 2 and 3 in NIL 8785B can be conveniently applied in the

design stage. In the ease of a Class IV aircraft with a multiplex CSAS, level 2 becomes superfluous, and
no doubt Level 3 becomes superfluous with a simplex CSAS. We have found, however, that Level 3 is unduly
severe in some areas (for example minimum stick force per g and minimum roll rate). rhe effect is to

force the designer te, an asrodynmic configuration or control layout which is undesireable in other
respects (performanc or complexity). Mr. Carlson appreciates the problet, and admits that "the Level 3
values in some cases were increased over the barely safe va)ues, to allow the degradation of several
parameters at once". We believe that the cumulative effects of degraded handling in all axis isa
complex situation, and should be tackled separately - perhaps at this stage by a generali ed ob•ervation

in the Specification. To illustrate this point, a designer so minded could produce an aircraft seeting
Level 1 requirements, but which the pilot would find unacceptable, by diabolical choice of permitted
stick forces, frequency, damping, friction, and so on. Obviously it is not in the designere interests to
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• do this: nor is it in his interests to exploit low Level 3 -qluirements too vigorously. The combined
effects of requirements Is an area which needs more study. Even if such effects were known, they ma be

too complex to applf conveniently into a Specification.

Further difficulties arise when the Certification Authority wishes to cover the influence of atmospheric
conditions. In the first place, mom* of the handling qualities criteria an which the requirements are
based have been derived in calm air. More work is needed to determine how these criteria change with
level of turbulence. Secondly, a converient means must be found to accommodate any new criteria which
appear. In theory, the ESAU method, which combine@ the state of the aircraft with the state of the
atmosphere looks attractive. In practice it may be unworkable, because of the large number of cases which
must then be considered. If so, then the NIL 8785B approach, which deals with atmospheric effects on
an individual basis, is to be preferred. We can only hope that the research effort referred to by
M. Wa.ner will be fruitful, and that the results cmn be easily incorporated.

Paradoxically, the strength of the new French and American Specifications - the asscciation of flying
qualities requirements with probability of occurrence - is also their weakness. M. Wenner highlights
this weakness when he points out that (a) it is virtually impossible to demonstrate that remote failure
targets are in fact met, and (b) the assumption that a second failure is independent of a first failure
is usually false. The consequence for civil aircraft is that it becomes extremely difficult to
introduce a radically new system such as fly-by-wire, or CCV. The Certification Authority can reasonably
argue that a new system must be shown to be satisfactory before Acceptance; equally well the
manufacturer can claim that the asmarance needed will only come from normal operation in service.

A different type of problem will apply to Military Ai'craft. Within the Operational Envelope, the

Requirements say that Level 3 shall not occur sore often than once per 10,000 flights. In other words,
it wil be a circumstance which is unexpected by, and unfamiliar to the pilot. Inevitably, Air Staffs
wi.ll insist that regular training for these remote failures is carried out, and so Level 3 conditions

l be flown far more frequently than assumed in the Requirements. One might then question the
validity of permitting a degradation of handling qualities on the basis of rare occurrence.

One general comment must be made, although it is not directed particularly at either the U.S. or French

Recuirements. It is a truism to say that to be useful a Set of Requirements must be uned. They are
addressed primarily to the airframe maufacturer, and their value is diminished if they are structurally
complex, difficult to understand, or difficult to apply. Generality may be the initial goal, but when p

applied to a particular project, detail charges to the Requirements will be necessary. The mechanism to
introduce such changes must exist.

Finally, I am not sure that I can accept the title of this joint paper, as describing a Comparison on
French and United States Flying Qualibies Requirements. To do so ignoree the contribution of the British
Air Registration Board to the formulation of TSS 5 - a contribution I am sure that M. Wanner will be the
first to acknowledge.

References: 1. "Military Specification, Flying Qualities of Piloted Airplanes"

NIL-F-008785A (USAF) 31st October, 1968

2. "Supersonic Transport Aircraft Flying Qualities"

TTS Standard No. 5 Issue 2 22nd March, 1968

i
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OPEN DISCUSSION

W.T. Kehrer, Boeing, USA

Is it the intent of the military specification 8785B that the airplane be safe to land under the
degraded systems conditions resulting in what is described as Level 3 handling qualities- Pilot rating
range 6 1/2 to 9 1/2?V J.W. Carlson, ASD, Dayton, Ohio

Yes, certainly it's the idea that the airplane can safely be returned and landed. Also, it Is ?
intended the airplane shall be, under Level 3 conditions, capable of extricating itself from some very
difficult maneuver that it might be experiencing at the time of failure under a Level 1 flight condition.
It can be safely returned to a controllable situation from that failure and then turn around, come back
and make the landing.

W.T. Kehrer, Boeing, USA

Boeing does not agree that the Level 3 can he considered as safe to land, as applied to commercial
transport design. The most degraded qualities that Boeing would ever accept in an aircraft design for
commercial operation is by pilot rating scale 6 1/2.

Robert J. Woodcock, AF Flight Dynamics Lab, Dayton, Ohio, USA

We have had some problems in getting people to do the kind of probability analysis we had en-
visioned for showing compliance with MIL-F-8785B. What has been the Anglo-French experience in applying
their similar requirements?

J-C. Wanner, Service Technique Aeronautique, Paris, France

I think it would be better to ask the contractors to give you an answer on that point, Mr. Deque
for instance. But, I entirely agree with you that it Is very difficult to do this type of work about
probability. But I think it's better to speak about probability even if it's not the exact probability,
known only with an important errcr, than to assume that these probabilities are zero or one.

Mr. Deque, Aerospatiale, France

We have probably the same difficulty that you have evaluating probabilities. But as Mr. Wanner
said, we can at least classify the class of probability even if we cannot obtain the exact number. Also,
we have to be very careful when evaluating probabilities to take into account the possibilities of
multiple failures. With this approach we have some assurance that we have the correct class of probability.

R.S. Sliff, FAA, USA

I thought it might be appropriate to give some of my views as we've seen these, because we have
been very active in working both with NIL specifications and in the comparison and applicatioa of the
Anglo-French standards. We are in the process, right at the present time, of conducting a very concen-
-ated evaluation of the U.S. tentative standards for the supersonic transport with the Anglo-French,

.oth the constructors and the Air Worthiness authorities. What I wanted to say here, basically, from
our viewpoint, on these, most of the things have already been said relative to the difficulties that you
foresee in being able to come up with the requirement, per se, rather than the definition of what has to
be evaluated. You see, you have to boil it down in the end to what do you test, what is the requirement.
This has been ore of the things that, I think, is taking the most time and is yet unresolved, when it
comes to the U.S. requirement to be applied to, for example, the Cnncoree. T ':Zrt to erpress one chougnt
!ecre, .%c I see it, siting and listening to the papers given as one paper by two individuals that have the
same objectives, but I do not believe that thc requireyents as they have been presented are truly the same.
For example, as I see the Anglo-French requirements of TSS-5, they are based upon an authority applying
a requirement to an aircraft. The Nil spec is a design specification for the purchase of an aircraft.
Which, in itself, has a little different attitude towards it and has different deviations that are per-
mitted, in accepting it. It is the basis of how you apply these two as I would see them. So, all I
wanted to express here is the difficulty as we see it, fron the FAA since, in applying these philosophies
(1) we don't want to design airplanes, (2) we have to evaluate again these probabilities with our experts
to assure that we are truly looking at what might occi.r in service of the aircraft, is safe.

R.P. Harper, Cornell Aero Lab, USA

I have three comments. The first one I would like to say that the agreement demonstrated here
and much of the philosophy in the results between the two papers that were jointly presented, didn't just
happen. I would certainly acknowledge that, thanks to the efforts of the Air Force and Mr. Jack Carlson,
that Mr. Wanner had several opportunities to impact the work which Cornell Lab did on the 8785 spec. His
contributions were very important, particularly, I think, the philosophical aspects of his contributions
in forcing us to face up to -he total philosophy of the spec. He made at least two visits to Cornell
and we had very important and very helpful discussions. So I would like to acknowledge this personal
contribution. The next comment was towards Arthur Barnes. Art said something that surprised me -

that the airplane designer could take 8785B and making a Level 3 airplane by choosing a limit of the
Level 1 requirement. 1 don't have any data that says that this Isn't possible, but I am interested
if you do have any such data, because this is what we at Cornell call a "combination of bads". We
are very much interested in what happens when you combine limits of a number of the requirements and
produce an airplane whose characteristics are right on the limits of a number of Individual requirements.
I don't think any substantial amount of research has been done on this, but if anyone in the audience
knows of any results or if Arthur himself does, I would surely like to hear about them. One comment
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along this line, is that the reference was made that there was a cortlation between pilot rating andthe Levels in the 8785B. There is a correlation, I think it is the underlying schemes of the Level is

the rating but where you draw the particular limit, they don't have to be drawn at the pilot rating
boundaries of 3 1/2 and 6 1/2. One final question fo" Mr. Wanner. What about the French military air-
planes? Your discussion compared the specifications :-r handling qualities for really comercial trans-
port procurement or operation. With the military specification for U.S. military airplanes, what do
you require for the Mirage airplanes, etc. Could you coment on this, please? Wanner - For the

military purpose, we Intend to apply the philosophy of 8785B but I think now it is not necessary
because you have made the job easy. So I think that our military specification shall be the translation
of 8785B.

A.G. Barnes, BAC, UK

I think that you're on a good bet if you are trying to produce intentionally bad characteristics
in an aircraft. It is more difficult to design good characzeristics into an aircraft. On the other

hand, there seens to be a law of nature which says that things never go too wrong; for example, if we
reduce the short period frequency of the aircraft, the short period damping increases. And the designer
would have to do something diabolical. We can be very confident that if he did this diabolical thing,
then we would get an airplane which is unacceptable. I think that this is one area in which a lot of
work is needed. Not only from the purely academic point of view, just to have a comprehensive set of
flying qualities, but also to provide a specification which allows for the interaction of one parameter
with another. The example that comes to mind of how to meet the Hil. Spec. with a bad airplane is to
provide unharmon.zed controls - for example light forces and small deflections in roll, and heavy forces
and large deflections in pitch. Careful use of the allowable breakout force, friction, hysteresis, and
so on will add to the pilot's difficulties.

Two further examples of "combination of bads", applied to the pitch control are:

Case 1: Landing approach, 120 knots, s.p. frequency 3.0 rad/sec, relative damping ratio 0.35, nz/,- 2 .7,
stick force/g - 3.0 lbs., stick force per inch - 30 lbs./in/, 3 lbs. breakout force.

Case 2: Ground attack, 350 knots, s.p. frequency 2.4 rad/sec relative damping ratio - 1.30, rz/a,2 0,
stick force/g = 12 lbs., stick force per inch = 5 lbs./in., 3 lbs. breakout force.

Case I meets the Category C, level 1 requirements, and Case 2 meets the Category A, level 1 requirements,
but I think that both cases would be unacceptable, if not dangerous.

Pierre Lecomte, Aerospatiale, France

Mr. Wanner referred to the fact that low probability situations may be associated with low
handling qualities level on the grounds of the risks involved. This statement is not so obvious as it
looks. It is true only if the assessment of the handling quality level fully considers the knowledge
and training of such situations the crews will have in service.

In his comments, Mr. Barnes r'lerred to the use of pilot rating. Unhappily, in our state of ig-
norance, all handling qualities requirements or critique rest upon pilot assessments of, either directly
of the aircraft considered, or indirectly of other aircraft of previous generation& or of a simulator.

In the first case, the situation is wide open, and difficult in many respects.

It. the second case, the question of the relevance of pravious data is also very difficult.

A.G. Earnes, BAC, UK

I think that one purpose of the flying qualities requirements is to try to quantify these elusive
factors we call handling qualities. By doing research, we are able without any prejudice to relate what

the pilot thinks of one aspect of an aircraft with a measurable parameter such as frequency, damping, or
stick force. It seems to me that this should be done in the quiet atmosphere 0f research and not in the
hurlv burly of acceptance of either military or commercial aircraft, which has overt ones of cost,
delivery, time scale and so on. If you leave the final acceptance simply to a pilot rating then you are
losing out In two ways: (1) you aren't taking advantage of all of the background experience relating
pilot opinion with measurable parameters and (2) you are also limiting the pilot's ability to express
him.elf. If you say, we will focus the acceptance into one of ten numbers of letters, the pilot is then
committed to summarize his opinion and experience with the aircraft into one statement - and this to me
is the biggest difficulty, using the pilot rating scale for certification. The second difficulty, which
Mr. Wanner pointed out in 1966, is the problem of getting an absolute level from which to measure the
pilot rating. Most pilot ratings are made with respect to a certain situation. In the case of certifi-
cation, it is no longer a relative assessment; it becomes an absolute assessment.

I.L. Ashkenas, Systems Technology, Inc., USA

The initial portion of the paper referred that mission requirements and aircraft type were a
strong influence on handling criteria; but later, more emphasis was placed on workload and associated
pilot rating. Since the pilot is central, why shouldn't we expect that, for safety at least, flying
qualities requirements should be quite universal; i.e., pilot- and task-centered and not airplane type
of mission-dependent? As a matter of fact some of our success at consolidating requirements for a
variety of aircraft types (e.g., CTOL, VSTOL, helicopters) indicate that basic requirements, expressed
in piloting terms, are much the same for all.
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Maurice D. White, NASA Ames, USA

Bob Harper requested reference to any work that had been done that showed differences in pilot
rating for combined axes in comparison with those for indiv'dual axis. Such data arc contained in NASA
TN D-1888, I believe, of which I was lead author. This describes a simulator study of SST handling
qualities in cruise, in which, first the values of the static stability andthe damping derivatives vere
varied individually and progressively, in each case with the remaining derivatives at their optimum
level. Following thIs an evaluation was conducted in which all the derivatives at the 3 1/2 level were
applied in combination. As we might have anticipated the resultant airplane was rated worse than 3 1/2,
in fact, 6 1/21!
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THE NATURE AND USE OF THI RULES FOR JUDGING THE ACCEPTABILITY
OF THE FLYING QUALITIES OF FIXED WING AIRCRAFT

by

S. J. Andrews, B.Sc.
Aeroplane and Armament Etperimental Establishment

Boscombe Down
SalisburyS~Wilts

England

S • SUMMARY

In the United Kingdom the flying qualities requirements are laid down in an Aviation Publication
(Design Requirements for Service aircraft). The equivalent document in America is a Military Specification
(Flying qualities of piloted aeroplanes). The paper considers the general content of these documents in
relation to the requirements of the flight tester in assessing the acceptability of fighter aircraft, strike
aircraft and trainer aircraft with which the author has been associated. In the same context comment is Q
made upon the flying qualities requirements for V/STOL aircraft.

It is suggested that the requirements documents are of limited use to the flight tester because
almost inevitably they are out of date, they are very likely to be inapplicable to new aircraft with special

role demands or novel design features and in addition the tester knows that the rigid application of the
handling qualities criteria will not necessarily produce an aircraft satisfactory for the user.

It is recommended that, in additi-Ya to updating existing requirements, more attention should be
given to the direct and immediate application of data derived from known and tried service aircraft.

The views expressed in this Memorandum are those of the author, they do not necessarily represent
the official opinion of A&ASE,

$ 1!. INTRODUCTION

The definition of rules .or the flying qualities or fixed wing aircraft should fulfil at least two
particular functions. Firstly they should provide the designer with much of the necessary background
information on which to base the required control characteristics of his proposed aircraft. Secondly, the
requirements should at least provide the aircraft testing authority with a statement on control characteris-
tics which have been found acceptable in the past, the thus provide a starting point for assessing the cap-
ability of the aircraft to meet the users requirement, both in letter and in spirit.

The documents in which these rules are written down in the United Kingdom and in America are,
respectively, Aviation Publication (Av.P.) (Design Requirements for Service Aircraft), and Military Speci-
fication (Mil. Spec.) (Flying Qualities of Piloted Aeroplanes). Many of the paragraphs of th.- Av.P. were
written a long time ago and are therefore bmsed on relatively old experience, the 1950's era. On the other
hand the Wil. Spec. was drafted over the period 1966-1969 and is therefore reasonably well up to date. Some
comments will be made in the text of the paper on the relevance of this difference between the two documents.

Because this paper represents the vieti of the author, and not necessarily those of A&AEE Boscozbe
Down, it woald be appropriate to mention briefly the extent of the author's experience in flight testing.
This extends over the past 10 years anc has ben concerned mainly with trainer and fighter aircraft includ-
ing the Gnat trainer, various marks of •ightning, the Harrier V/STOL &ircraft and its predecessors, and the
Anglo-French Jaguar.

Looking back over those 10 years it is surprising how little reference to the specific requirements
of the Av.P. has been necessary during assessment flying. Those rules which have been used -re a combina-
tion of the Av.P. requirements and paut experience and it was found that those of real sign.iicance which
have been used with reasonable frequency could be written down on one side of a sheet of paper, these
"rules" are illustrated in Figure 1. In addition to these rules we ha--e used our common sense about
features such as trim changes, control harmonization, behavicir zt or near the stall and pilot workload
to achieve the manoeuvres and tasks implied by the users specification. O0r other preoccupation has been
with investigation of problem arias and we have found that in these cases ne requirements documents are
of limited use in giving Vidance on acceptability.

Suarising the introduction therefore we can say that as testcas we have written guidance on the
general design requirements ant over the past ten years this has been of limited use, because of the sub-
jective nature of acceptance testing. In the real cases many of our acceptance standards are based on
previous experience and common sense. The remainder of the paper will be devoted to the examination of
the present requirements, and proposals are put forward for making these requirements more useful to the
flight testing authorities.

2. HANDLING QUALITIES CRITERIA IN THE UNITED KINGDOM

2.1 THE PRESENT STATh OF THE UNITED KINGDOM REQUIREMENTS

In the United lXingdom it is acknowledged that the Aviation Publication (Design Require•e•as

for Service Aircraft) is seriously out of d-te and without going into the reasons why it has fallen into
this state it is sufficient to say that consideration is at present being given to the up-dating of the
handling qualiti.es requiremnots. One course which the United Kingdom could take would be to adopt the
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Military Specification for the handling section of the Av.P.. The Nil. Spec. is an admirable document in
many ways and clearly a great deal of thought and effort has gone into the drafting of the text. For
instance requirements are classified according to the aircraft role (Class), the job being done (flight
Phase), and hey well the job must be done (Level of Control). Since there are four classes, three flight
phases and three levels of control, 36 different values could be specified for a giken flying qualities
parameter. This sort of breakdown is not in character with the Av.P. as at present produced. It is
likely that we should not require so much detailed specification because we believe that over-epecifica-
tion leads to trouble. Readers will undoubtedly know of many cases where the general flying qualities
requirements are not met but the handling characteristics are nevertheless accepted into Service without
e great deal cf trouble.

In spite of the above comments it is very likely that if the Av.P. is updated the experience

value contained within the Nil. Spec. will be of tremendous help.

2.2 THE RATE OF OBSOLESCENCE OF FLYING QUALITIES REQUIREMNTS

At the time of writing the average of the dates of the elements which go to make up the
Chnpter on Flying Qualities in the Av.P. is 1960. The equivalent date for the Nil. Spec. is 1969 and that
issae updated the 1968 and 1954 issues. In America therefore it must be assumed that between 1954 and 1968
the requirements remained the same and since uany excellent aircraft were produced between 1954 and 1968 the
"out-of-dateness" of the requirements was of no great embarrassment.

This is-not too surprising in the context of fixed wing aircraft with control columns, rudder
pellals, throttles and human pilots.

In the paragraphs which follow the author will try to show that although there is a need for
up-dating ?eneral flying qualities requirements, there is also an urgent need to accumulate data on specia-
lised role requiremwnts and requirements associated with novel design features. The means of achieving this 4
aim will be suggested.

3. THE NEEDS OF FLIGHT TEST ESTABLISHMNTS IN TERMS (W ACCFPTABILITY CRITERIA

3.1 KEETING THE LETTER AND SPIRIT OF THE SPECIFICATION

As suggested in the introduction acceptability criteria for flying qualities are of use to the

designer in deciding the characteristics of his proposed aircraft and are of use to the tester in assesaing
the capability of the aircraft/pilot combination in the context of the Service specification. In the ideal
circumstances of a weflwritten Specification which defines the job or jobs which the aircraft has to do, the
testers function is simply to ensure that the "average Service pilot" can use the aircraft to do the task
effectively and reliably, As a rule cost effectiveness is a consequence once the effectiveness of the
weapon system and its reliability has been proved. In addition simplicity and reliability tend to go
together and it is these qualities which are assessed at the test establishment. Figure 2 illustrates the
breakdown of aircraft characteristics under the general headings of effectiveness and reliability. If the
stecifications for flying qualities have any purpose for the flight tester they are there to ensure a sound
basis for assessing the effectiveness and reliabili ty of the weapons system in the broadest sense of the i.
words.

3.2 THE RELATIONSHIP BETWEEN HANDLING QUALITIES SPECIFICATION AND THE FLIGHT TESTING TASK

It is proposed under this heading to show that the words written in the handling qualities
specification and the major tasks of acceptance flight testing are not very c0osely related. From the authors
point of view one of the beast ways of doing this is to list in chronological o%:ier those items of flight
testing which have teka up the major part of his 10 years flight tevt experience. The following items are
outstanding in the memory because they involved relatively long periods of fli ght testing, nch discussion
between pilots and technical staff and close and frequent liaison with the manufacturer on unsatisfactory
features of the aircraft, which had to be corrected before eDtry into Service. Concentrating only on the
most outstanding items the aist is as follows:

a. Control of a trainer aircraft in circumstances of failure of one of its control systems.

b. Assessment Of the spinning characteristics of a trainer on which there was an unusually
wide variation of behaviour in the spin under nominally identical conditions.

c. Acceptability of an auto-pilot designed to operate over such a wide range of height and
mach number that optinisation and satisfactory operation under all conditions proved to be
very difficult to attain.

d. Determination and proving of the worst cases for inertia coupling for a family of air-
craft in which small changcs of configuration produced unduly larg' changes in behaviour.

e. Assessing the acceptability of the low speed handlinc- quelities of a neutrally stable or
unstable system (V/STOL).

f. Techniques to achieve accuracy of touchdown of a V/STOL aircraft.

g. Manoeuvre boundary behaviour characterigtics with a wide range of external stores and
marked changes in behaviour with Mach number.

h. Techniques to achieve optimum performance of a STOL aircraft.

i. Statistical study of the effect of handling on the take-off capability particularly in
relation to free take-off from aircraft carriers.

- -. ~- - - ~ :
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j. Pecularities of an unusual control system with cross coupling between control inputs and
%otions about the 3 aircraft axes.

jr. Operations off various types of unprepared - .1acea where definition of the surface and
effv.ct upon handling were not amenable to systematic and economic testing.

It ib these sorts of aircraft handling characteristics which have demanded the gi-eatest

attention over the past 10 years. Other items which figure large in the handling qualities specifications
cuch as static stability, stick force per g, short period oscillations, trim changes, maximum and minimum
speeds have demanded very little attention because for the most part the pilot has been quickly satisfied
with the behaviour and if we had then referred to the handling qualities requirements we shoild have found
that the quantities fel: within the acceptability boundaries.

This may be just another way of saying that our designers are so good that rhey can reproduce
the more straightforward control and stability parameters in their new aircraft without great difficulty.
To a •arge extent this is true because knowing human pilot capability and using their pant experience and
common ;a-rqe most designers can produce the more conventional control characteristics to the complete
satisfactiln of the pilot and the achievement of the task. It is in the fringe areas of operation where
the trouble is usually found and it is in just these areas where the flying qualities specifications are
least hellfl.

4. HANDdING QUALITIES CRITERIA FOR FUTURE AIRCRAFT

4.1 DATA DERIVED FRCM FULL SCALE SERVICE OR DEVELOPMENT AIiCRAJT

If data is to be made available for use in assessing future aircraft then clearly sorething
must be done fairly quickly and the data must not be contentious and the subject of endless argument.
Whereas general requirements do tend to be contentious, the statement of facts derived from existing full
scale aircraft tends to be rather less so. It is recommended therefore that we should not take agglomer-
ated experience from many sources ane try to crystalize it down into a common uet of rules, but rather,
take specific experience from the paet and presant and express it in a form which will be of greatest help
to the designer and the testing authority.

Considering for instance, the very wide range of V/STOL aircraft types, Figure 3, it is
unthinkable that particular criteria derived from each of these types can form a satisfactory general
requirement. On the other hand, data derived from one of those types, for example facts plus pilot ratings,
could be of enormcus value to the testing authority who were concerned with a similar type or the next
logical devplopment step.

re f To quote an example AGARD Paper No. 408 Ref 1 (2nd Draft Revision of Handling Qualities
C•riteria for V/STOL aircraft) paper already contains far too many contentious requirements and it is
probable that the authors realise its shortcomings because they do quote actual data from a number of
differing STOL aircraft.

We in the United Kingdom have used specific da a from full scale in assessing aircraft both
from our own experience and more importantly the experience of our Research Establishments at RAE Bedford
and RAE Farnborcough. We have found that data provided by these establishments has been essential in set-
ting acceptability levels for the rather more unusual handling characteristics. We find at these estab-
lishments, the individuals who know the subject, the reports that they write giving a?aimilated data on
handling qualities, and we find also the technical capacity to advise on the more immediate problema which
demand individual study. This work is within the terms of reference of the research establishments but onoccasions we know that it has been an embarrassment to them to devote so much time for the support of the

test establishment at the expense of their more forward looking research projects.

4.2 HANDLING QUALITY DATA DERIVED FROM SIMULATORS AND MATHEMATICAL XODEIB

It would be wrong not to consider the function of simulators and mathematical models in the
establishing of the ,means for obtaining satisfactory handling qualities at full scale. In the author's
opinion, however, these methods are no substitute for the full scale data and are far more useful in
problem sclving during later stages of development or in very basic investigations in the early stages of
design proposals. It is realised that these are rather sweeping statements which can be contradicted in
particular cases but it would be inappropriate to enter into a long discourse on the subject of siwulators
in the context of this paper.

5. CONCLUSIONS AND R:COMMENDATIONS

In view of the above the author would like to recommend that some of the present trends in drafting
handling qualities requirements should be changed and the following specific proposals are made.

a. The more general handling qualities criteria should be preserved and updated provided that
the updating can be done wit'.out protracted argument between the manufacturers and the procuring
agencl.

b. The tendency to elaborate these doucments to cover all cases must be avoided because the sub-
ject matter then becomes contenious and it take3 far too long to incorporate the proposed amend-
ments in the document and the applicability becomes increasingly doubtful.
c. The form of the present draft documents for V/STOL aircraft is inappropriate because of the
wide variation of aircraft configurntions and the technilues involved in operating them,

d. In cases where generalisation is difficult and contentious, specific data on named aircraft
projects should be made available in a suitably assimilated form so that they are useful both to
the designer and the flight tester of aircraft of a similar configuration or operational role.
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o. The tendency to write handling qualities criteria into the Specification of the aircraft mnst
be resisted and more attention mist be paid to specifying the operational role or roles.

f. Within the research establiabmonta provis on must be made for a capacity to collate factual
data on handling qualities and pilot ratings, for immediate use by the flight test establishments
and designers. The aim shoul! be to present factual evidence on those features which contribut-a
to, or detract from, the operational effectiveness and reliabiliq, of an aircraft.

qualities requirements which can only be of limited application.
, The information so collated should form the complementary docunants to tb gnoral handling
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FIG. 3(a)
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"LEAD DISCUSSION
by

H. Eisselohr
NATO MRCA Development and Production

Management Agency
8 Kdnchen 86, Germ&an

To begin with, I would like to express my appreciation to Mr. Andrews for his very interesting paper on
flight test aspects of flying qualities requirements. The author has pointed out in a rather dramatic
way what can remain of requirements and criteri, once the aircraft has reached the ilight test phase.

May I try to highlight some of the points made and perhaps add one or two others.

Handlinu Qualities Criteria in the U.K.

The author has mentioned that the handling qualities chapters of AvP 970 are being updated. Notwithstanding
this fact and without trying to extrapolate into the future I want to very briefly try to outline some
principles apparent in the present requirements.

Similar to tMILF-8785, AvP 970 uses four classes of aircraft, and further distinguishes between a defined
primary operational envelope and the remaining part of the flight envelope. The backbone of the handling
or flying qualities part of AvP 970 is a set of basic requirements - e.g., static stability, attenuation

ratios for longitudinal motions, and somewhat broader requirements for the lateral directional modes. These
are amplified by a large number of recommendations to the designer, to guide him on the acceptability of
his product, to point out difficulties he might encounter or even to indicate means to avoid them. Further-
more, reference is made to a large number of technical reports giving the official research establishments'
views on the subject. In the introduction to a leaflet on general flying qualities we find the following
sentencet

"The designer is responsible for the complete operational weapon and must therefore
ensure that the stability characteristics of the aeroplane match the equipment
and armament carried."

Two points seem to be remarkable in this statement:
- the emphasis on design responsibility of the aircraft manufacturer, and
- the et--bilty characteristics are seen strictly in the context of tasks to be performed.

Many recommendations of AvP 970 are operational in nature and rather qualitative than quantitative, making
it often difficult to draw direct comparisons with other requirements such as those in MIL-F-8785. But
despite the relatively high average age of these reconmendations, this nature has helped to preserve some
of them surprisingly long. On the other hand, it may also have contributed to the fact that not many of
them survived to the flight test stages.

Handling Qualities Crlter±a for Future Aircraft

The usefulness of past experience for new projects is self evident, be it in the form of a collection of
detv on handling oualities parameters and pilot ratings or in the data-reduced form of criteria, backed
up by or originating from theoretical analyses and simulator work. Both are needed to gain a better
understanding of the mechanisms involved, which will then enable us to improve the written requirements.
One of the difficulties which makes this area contentious on occasions may originate from the fact that
experience is subjective per se, sometimes difficult to reproduce and not always freely exchangeaole.
The author's suggestion to create more capabilities to collate factual data on handling qualities must
therefore be welcomed.

International programmes force the participating Nations to reconsider their requirements in the light of
experiences gained elsewhere and to jointly agree on a common set of standards, at least for one project.
This is by no means a simple exercise, but an impact of differing National requirements and principles
will then be likely, and this is one more area where such joint progreames have a truly integrating
character.

* I would like to add two observations to those in the paper. Mr. Andrews points out that existing specifi-
cations should be augmented and backed up by data on "effectiveness" and "operational reliability". From
the headings listed under these titles in Figure 2 it seems that subjects like "controllability as a
weapons platform", "insensitivity to turbulence" and Ianoeuvrability in combat, attack or aerobatics" are
accessible to at least empirical treatment and have been approached in such a manner in the past, although
of course for manoeuvrability in combat there are inputs not under the control of the handling cualities
engineer, like SEP and buffet boundaries, which are of paramount importance.

On the other hand, to my knowledge no criteria or data are readily available on "operational reliability",
which Lust be regarded as belonging to handling qualities in rather a wider sense. Most aircraft or sub-
system specifications quote values for reliability, failure rates, defect rates, etc., tc- be calculated
using some schematic set of component values, like the RPE data. Apparently these cannot give a true and
complete picture of the aircraft system's operating qualities. But terms like "ruggedness" or "simplicity"
are difficult to grasp and extensive service experience certainly is required to assess such oualities. It
would be interesting to hear what data is available and whether some sort of systematic approach is thought
to be possible to the complex of "oporational reliability".

Secondly, in his conclusions fir. Andrews recommends that more attention should be paid to specifying the
operational roles of an aircraft. This in principle is desirable because an aircraft is part of a system
designed for a given task. However, sets of operational requirements, often involving different .ypes of
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equipment or weapons, are sometimes difficult to express in engineering terms because there are more
variables, or only partially known tactors in this triangle corsisting of the pilot, airframe and
operational eouiprant, than can be coped with to give a unique or workable anweer.

At the other extreme, overspecification, that is trying to design the aircraft by specifications, is
firstly difficult to achieve and secondly has adverse effects on the contractor. For instance,
Mr. Barnes might be tempted to undertake something "die-bolicall,. The only way to make specificationswork will be by close contact between the manufacturer and the procuring agency, and K(L-F-8785

provides a good basis for shis.

r
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OPEN DISCUSSION

A.D. Wood, NRC/NAE, Canada

It may be helpful to recall the distinction sometimes made between "criteria" on the one hand and
"requirements" and "specifications" on the other.

If this distinction is made "criteria" may be regarded as providing the best available guidance
to designers on how to ensure good handling qualities. The criteria may be elaborate or otherwise and
probably change with time, but have no contractual connotations.

"Requirements" and "specifications" entail demonstrations of compliance. If these are extremely
detailed, then Andrews' concern may be justified. Possibly, they would be better either reduced to a
minimum of essentials or alternatively graded, with contentious items subject to liberal interpretation
during demonstration.

S.J. Andrews, A&AEE, UK

We, in the testinq field, would certainly welcome the criteria, because it does enable us to
assess the nature of the task that we have to deal with and also helps to anticipate where we have to
put our greatest effort. What is needed in our business is to know the origin of the points of accep-
tability so that we are not operating from clouds of these points but from something which can tell us
how our new case differs from the old one.

Prof. X. Hafer, Tech. Univ. Darmstadt, Germany

The acceptability rules in common use you give in Figure I are valid for airplanes with all aug-
mentation systems on. Besides this, the designer needs data of criteria for operations with systems
failures.

J. Scott-Wilson, Hawker Siddeley, UK

There is a critical interface between handling and performance. It is the performance issues that
are usually the critical commercial ones. Therefore the related handling requirements want to be as
specific as possible - quantified requirements not criteria dependent solely on pilot opinion. As
an example, minimum control speed following engine failure for a twin engined aircraft is defined in
British Civil Airworthiness Requirements in terms of change of heading, vertical bank and pedal force.
These can be measured and are independent of pilot opinion. If VmCA depended on pilot rating assessment
only, there would be a totally unsatisfactory position. In rewriting AvP 970 may we keep requirements
for performance related handling like this?

J.T. Gallagher, Northrop Corp, USA

Both Nurthrop and McDonnel-Douglas are in the process of checking aircraft against the intent of
8785B. Northrop is investigating F-5 And McDonnell is investigating the F-4 series. In both cases, the
aircraft's shortcomings are covered by 8785 and in general 8785 is a good design guide for fighter air-
craft. In sumsary, conclusion (d) in Mr. Andrew's paper is being taken care of.
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FAA Flying Qualities Requirements

Richard S. Sliff
Deputy Director

Flight Standards Service
Robert F. LeSuer

Chief, Airplane Handling Qualities Section
Flight Test Branch

Federal Aviation Administration
800 Independence Avenue, S.W.

Washington, D.C. 20591

The need for flexibility and change of Federal Aviation Regulations
tc accommodate new designs and innovations to flying vehicles is an ever-
increasing and complex situation. The current philosophies and projected
difficult areas associated with airplane handling qualities are discussed
in this paper. The subject is not intended to be covered as to the
specific conditions or types of airplanes but, rather, to cover the qual-
itative evaluation needs for determining compliance with the existing
airworthiness rules. Recognizing that aircraft development and capability
is an ever-improving science, the relationship of Federal rulemaking
procedures to the application of judgment in the requirements to produce
timely and adequate determinations of compliance is discussed with
consideration of complex control systems and rapidly-expanding flight
envelopes.

Airplane flying qualities written requirements are, by necessity, behind the advancement of modern
designs, require constant revision and, usually, are developed from actual exposure in flight testing and
research projects. Perhaps a brief review of our rulemaking process is in order to establish the time
scale for revisions and amendments. First, a need for a change must be apparent. This usually results
from design reviev of a new vehicle, qualitative assessment of the test article, or a similar design,
and experience gained from service difficulties, military operation of new designs and research programs.
Once a test is developed and commented upon internally by the FAA, it is submitted as a notice of proposed
rule making by the FAA to the public for comment. Upon completion of this phase, careful evaluation is
given to these comments and suitable revisions made to the content and ultimately an amended or new rule
is published.

Obviously, with these procedures for rulemaking, time is consumed beyond the needs of an active
certification project. With each new and modern design, the flying qualities requirements become more
complex because of complication of control systems, stability augmentation devices and aubstantial
increases in operatione! er,-elopes of weight, speed, and altitude. Fortunately, to the present time,
maay anticipated and predicted problem areas have been found to be minimal or nonexistent in actual flight
testing. Examples of these areas are high-inertia effects upon response characteristics in very large
transports and operation "behind" the drag curve during approach with aircraft incorporr.••ag high-lift
devices or being of low aspect ratio.

In view of these comments, the certification of modern transports in the flying qualities area have
presented some administrative problems involving timely updatings of Federal Aviation Regulations (FAR)
which have been handled, usually on an equivalency basis or special conditions for certification.
Satisfactory level of safety findings are provided in this ,aanner. These acticns, where appropriate, are
used for proposed amendments to the airworthiness rules. Equivalent safety findings are authorized under
the provisions of FAR 21, Certification Procedures for Products and Parts. Special condition procedures
are contained in paragraph 21.16 of the same Federal Aviation Regulation Part.

Some current and anticipated flying qualities problems in civil airplanes are essentially centered
around specific areas and are as follows:

1. Hin.mum speed or maximum angle of attack characteristics of airplanes which do not possess
a classic stall or break in the lift curve.

2. Required damping levels for dynamic stability considering departures from known designs,
large moments of inertia, relatively long natural short-period frequencies and aeroelastic
flexibility of slender fuselages.

3. Complex, irreversible control systems with the incorporation of stability augmentation with
significant authority and their failure effects.

4. Variable center of gravity (in-flihZt) by means of fucl transfer and the related flight
characteristics for supersonic transports.

5. Stability requirements for airplanes which possess "attitude stability" rather than classic
static longitudinal stability.

6. Low-speed steep gradient approach characteristics of STOL airplanes.
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7. Maneuvering requirements throughout the operational savelope for initial climb, subsonic and
transonic cruise, supersonic operation, recovery from departures from desired flight paths
due to outside influences and during the approach phases of flight.

8. Flight characteristic minimums for general (light) category airplanes as related to average
pilot proficiency.

9. Required level of flight characteristics which may be modified by means of improved flight
path guidance systems.

These topics will be discussed individually with, where feasible, our proposed methods of treating them.

Minimum Speed or Maximum Angle of Attack Characteristics

New designs, including slender delta planforms, extremely large and heavy aircraft and those incor-
"porating high-lift devices or, in some cases, direct lift control, reasonably, may require new concepts
and evaluations to be substituted for the characteristics normally associated with classic stalls. High
thrust to weight ratios combined with high-pitch attitudes such as some SST designs introduce a new
variable of substantial contribution in lift from the resultant vector of thrust. If the point of minimum
speed is not recognizable by downward pitching or other acceptable inherent aircraft characteristic, the
point must be clearly and easily identified by the pilot following suitable warning of the approach to
this in-flight limit. Control systems, primarily in pitch, must also have the capability to permit the
pilot without using exceptional skill, to discontinue the approach to handle the airplane at and recover
from the minimum flight speed condition into normal flight. Problems present themselves in these
investigations in the level of thrust to be used and the reasonable limit in nose high-pitch attitude for
high thrust to weight (TI/) ratios and the allowable sink rates for very low T/W. We are of the opinion
that the present required thrust levels for characteristics investigations of aircraft without classic
stall, to be of sufficient range to include with a margin, those expected in operation. However, it
seems unreasonable to investigate, for a performance baseline, idle thrust at maximum takeoff weight for
a slender delta, for instance, or maximum takeoff thrust at minimum weight for high T/W aircraft. In
other words, regulations must recognize advancements in airplane designs which raise performance levels,
increase airplane weights to the possible million-pound levels, or become classically unstallable becauseof lift curve characteristics hich are unique to previous civil aircraft. Modifications to the Federal

Aviation Airworthiness Regulations are required. Proposals for these changes are contained in the
United States Tentative Airworthiness Standards for supersonic transports.

Dynamic Stability Characteristics

Many research programs, including in-flight and ground-based simulators, analysis of experimental
aircraft testing, and analytical mathematic studies have been devoted to the complex area of dynamic
stability. Essentially and specifically, the Federal Aviation Regulations (FAR) simply state: "FAR
25.181, Dynamic Longitudinal, Directional, and Lateral Stability. Any short period oscillation occurring
between stalling speed and maximum allowable speed appropriate to the configuration of the airplane, (for
example, VFE, VLE, or VFC/MFC) must be heavily damped with the primary controls (1) free and (2) in a
fixed position." FAR 23.181 of the same title for small aircraft essentially reads the same. Judgment
and equivalent safety findings become imperative when applying this rule to all categories of airplanes.
For an example, very large and high-inertia airplanes with relatively long natural short-period frequen-
cies, if "heavily" damped, may become unflyable, or nearly so, especially in the approach phase of flight.
If damping is high in these cases, the pilot finds great difficulty in correcting the flight path or
maneuvering. Research studies show a pilot acceptance and desire for very lot: dc.mping in these cases,
especially in longitudinal axis; otherwise, over control with checking is required LO satisfactorily
achieve the desired flight path. Likewise, in the lateral directional shrt period, oscillations commonly
known as "Dutch roll," are the roll to yaw ratio, coupling effects with the spiral mode, the partirular
roll time constant, and the natural undamped frequency of the oscillation are of significant importance.
High roll to yaw ratio affects adversely the pilot capability to properly control the airplane. The other
effects, such as coupling, are complex and must be considered. It is obvious that if the natural freq-
uency falls into the pilot-induced oscillation (PIO) area, any undamped or weakly-damped oscillation will
become unacceptable and, conversely, if the fýequency is of suitably long period, the pilot can easily
cope with it. When stability augmentation is installed, as in most modern swept-wing or delta airplanes,
new and different problems arise. Without proper gain tailoring, washout time periods, or improper
authoritiEs, these artificial dampers interfere with turn coordination and, in the case of pitch or roll
dampers, they react in a manner such that the pilot must overcome their operation during normal maneuver-
ing. The message in these comments is that the terms of the regulatory language "heavily damped" are
satisfactory for a Federal law, but far too simple for application Lo these complex airplane motions.

*Powered and Irreversible Control Systems

In times past, many unsatisfactory, as well as desirable flying qualities, could be directly attributed
to direct linked controls to the pilot, flying tab operated surfaces, manual trim systems, and the lack of
stabilizing surfaces of enough area to provide needed stability. The deficiencies are well known of these
systems, i.e., increased pilot effort required as aircraft become larger and faster, ineffective control
due to flow separation on tabs at high Mach numbers, stabilizer trim authority versus elevator power,
control surface floating wirtl airplane motion, and performance and resulting economic penalties from the
wetted drag area of large stabilization surfacen. Hew aircraft and, certainly, future airplanes possess
powered control systems wtth which new and -unique handling qualities problems appear. Civil regulations
must be upgraded to cater to these problem areas. Paramount consideration involves reliability and
failure effects. This icgulatory area must exprass a need for thorough evaluation to assure a level of
safety required for coucercial air transportation. To the FAA compliance test pilot, these new control
systems, in relation to handling qualities, manifest themselves into tailored control feel, artificial
control centering, possible changes in lag or hysteresis, proportional friction, unusual rates of surface
movement, control surface activities from augmentation systems which are not apparent in cockpit contral
movement, increased control power, and the magnitud2 of changes in flying characteristics following

jX
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failures. In most cases, the use of powered controls, though required to provide sufficient "muscle" to
properly control the airplane, increase the designer's capability to tailor the total system to pilot
desires in forces, rates and harmony. With probable failures, however, the airplane usually will exhibit
greater departures from the normal flying characteristics unless, of course, redundancy provides fail
operational conditions.I In-flight Variation of Center of Gravity

With the advent of the supersonic transport, another new approach to efficiency and controllability
has been taken. Fuel transfer center of gravity (cg) control has been an accepted practice with military
supersonic aircraft for some time, but it is new in the civil airworthiness field. The purpose of such
systems is to provide less trim drag at supersonic speeds where the center of pressure moves aft. Without
establishment of a supersonic cg, substantial trim is required in the airplane nose-up direction which not
only produces a high-drag condition (reducod range), but also reduces the longitudinal control available
for maneuvering. The optimum cg for supersonic cruise is usually near or aft of the static and maneuver-
ing neutral point for subsonic flight. These conditions bring on new handling quality considerations.
Either reliability of high integrity is necessary, or failure effects testing for stability and control
are in order.

Static Longitudinal Stability Requirements

Present airworthiness rules (FAR 25) for stability are simple in nature and, in a strict compliance
sense, may be highly undesirable for future aircraft such as supersonic transports and questionable as to
need for present day aircraft. Discussions have taken place referring to terms such as "attitude stability"
as a substitute for conventional static longitudinal stability with a quantitative minimum speed versus
stick force slope. Precise flight path control without continual rilot correction is the ultimate aim in
this area, and there may be more acceptable ways to achieve this than as presently written in our require-
ments. We are actively engaged in simulator and flight research programs in the stability and control
areas such as these. A clearer understanding of the term "attitude stability" may be gained by consider- 4
ing our present airplanes which utilize a "stick steering" feature of an autopilot, wherein the airplane
maintains an attitude or other reference until otherwise commanded by the pilot. Following a pilot
command, the airplane is established in a new trim position and has no tendency to return to the original
trim point. Outside or environmental influences do not affect the trim point but, in a classic sense, Ii
the airplane does not exhibit static longitudinal stability, except as related to the pilot being required

to institute an input in the proper sense to change the flight path.

Low Speed Steep Gradient STOL Airplanes

A new generation of airplanes, employing powered lift and capable of short field operation, are
receiving national attention at this time. Again, these are new designs utilizing new and unique design
innovations specifically developed for small takeoff and landing areas. Population concentrations and
short route requirements have initiated an economic need for these transportation vehicles. Quite sensibly,
the short field lengths to be operational in a congested area, dictate a steeper than usual takeoff and
landing flight path to properly clear obstacles and, also, employ relatively low speeds to accommodsat,
the shorter ground distances. The failure effects of these designs must be considered. It is anticipated
that safety considerations such as minimum control speed with engine failure, and flight path guidance
system failures in poor weather will pose new problems or require designed protection. Flying qualities
also pose new considerations. Gusts, turbulence, crosswind, wind shear effects are amplified because,
with average conditions, they present a much higher proportional disturbance when related to vehicle
velocity. Control effectiveness, coupling of lateral directional stability modes and maneuverability at
low dynamic pressures and with large thrust contributions to lift and control, all become paramount
handling qualities areas for review and standards development.

These arc special purpose vehicles which are selectively designed to operate between the helicopter
and the normal fixed-winged flight regimes. Power-off stall speed, though a flight characteristic inves-
tigation item, no longer may be used as a performance or safety baseline. We are tentatively developing
airworthiness standards for these airplanes. We are grateful for the contributions of the industry,
military, operating organizations, and others in this task.

Maneuvering Requirements

Other than general references to controllability, present U.S. civil rules do not specify a level of
required maneuverability or the characteristics involved in obtaining it. Required maneuverability varies

with the particular use of the airplane, the operational envelope and its individual characteristics. In
actual practice, the operatioual pilot cannot sense the values involving pitching moments at various
angles of attack. Of prime concern to the pilot is his capability to adjust his flight path for collision
avoidance, upset recovery, and to handle environmental effects in initial climb after takeoff, and during
the landing approach and flare. Maneuvering the airplane in normal flight basically involves a measure of
the effective static stability for the short period airplane motions, control system effectiveness, and
the linearity or nonlinearity of the pilot's longitudinal control force to normal acceleration (Fs/g).
The latter of these measures are of importance because, at forward C.G. the forces must be lincar and low
enough to allow the pilot (in most cases with one-handed effort) to properly maneuver and at aft C.G. to
be linear and be high enough to eliminate the concern of overstressing the airplane on induce undesired
oscillations. We all know these forces have varied in level over the years, from the extremes of
absolutely necessary two-handed landing flare in sore of our early four-engine piston transports to
extremely light force requirements in cruising flight of our later jet transports. The manufacturer
cannot vary the natural short period frequency of an individual airplane, but he can design the pcwered
control system and where installed, the supplementary augmentation systems, to produce the desired airplane
response and maneuverability in nearly all cases. Problem areas that may develop with this ccacept are
the extremely tight places for control system actuators w.•ich will develop enough muscle to move the1
surfaces, hysteresis and friction resulting from extreme length of connecting systems from pilot controls
to the actuators and the various failure effects of components within the systems.
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We are moving into new phases of flight, requiring advanced thinking and systems to cope with
supersonic operation and also with extremely low speed steep approach flight conditions. These extend
and complicate our control systems for maneuvering the airplane in an acceptable manne:.

Acceptable Flight Characteristics for Small or General Category Airplanes

A dramatic advancement has come about in this category of flying vehicles in the past few years.
The old baseline generated around the Piper Cub and other airplanes of that type. In the present-day,
many of our new light airplanes fly easily in operational envelopes not unlike those of World War II
fighters and in the case of some high-performance turbine-powered machines, up to and very nearly super-
sonic flight. We cannot ignore the private airplane which is now in vast numbers and operates in the
same airspace as our commercial jet transports with comparable complexity of systems. One area to be
considered in the handling qualities of these airplanes is the basic premise that these, in a large per-
centage, are operated by airmen of average pilot skill and in some cases by persons of low experience
level and dubious continuing proficiency. This means for the general aviation case, he must be provided
with, if not a "forgiving airplane," an airplane which is relatively easy to fly. Consistent with this
concept, a continuing upgrading of airworthiness requirements is necessary without unnecessaiy economic
hardship on the small, uncomplex airplane manufacturer and operator.

Low-speed handling qualities including stall characteristics, minimum control speed with one engine
inoperative in the multiengine airplanes, and general flying qualities are of paramount concern in the
safety aspects of airworthiness in these vehicles. Some years ago, we dropped the severe spinning
requirements in deference to good stall characteristics, and a tightening of the evaluation for inadvertent
spinning tendencies. This, in conjunction with other characteristics related to average pilot skill, have
produced an acceptable safety record.

High speeds are also attained itith some of these airplanes which has brought on requirements for
investigation of Mach number effects, overspeed warning systems, and more complex flutter analysis.

Flight Path Guidance and Flight Characteristics

The new flight director displays and innovations ir. flight path guidance are not a substitute for
satisfactory handling qualities, but they do provide a valuable contribution to reduction of pilot work-
load and improve his ability to detect deviations from is desired flight path. An example of these
advancements is the amplified scale of the pitch attituce indicator for supersonic transports. The result-
ing readability for flight phases, such as takeoff rotation, allows the pilot to precisely set pitch
attitude to assure performance. Measurements to a half of a degree are important in this phase of flight,
if acceptable margins for safety are to be maintained with practical limits on economical operation from
existing runways. When you analyze why this is true, you find new departures in handling qualities
related to performance. The lift/drag characteristics of these machines, coupled with the necessarily
high thrust-to-weight ratios to obtain supersonic flight places the airplane in an operational area where
it is extremely sensitive to pitch attitude and speed variations with an engine failure. With proper
failure protection of these guidance devices, we must consider their contribution tr the overall handling
qualities picture.

Civil regulations within the terms of the Federal Aviation Act must contain minimum standards for
safety. These standards should be general in nature so as to not inhibit advanced designs and only
specific enough to provide for a degree of consistency in their application. Military standards are often
quoted in the context of safety standards, however, it must be recognized that they have a much more
complex objective. Military specifications are basically design standards oriented to military mission
requirements. It is a commnon practice to waive or deviate from those standards without specific regards
r economics. Commercial airplanes on the other hand must consider economics in a competitive sense. It
bc~comes the responsibility of FAA safety inspectors to assure that the intent of the Federal Aviation
Regulations has been met. This requires close coordination and policy guidance to obtain equal treatment
between applicants. Flexibility is a must to obtain the required safety level and have a practical and
viable comnmercial airplane. Research programs, study of existing and new designs, and good judgment are
required to attain this goal.

4J
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by
J.F. Renaudie

f Centre d'Euuaia en Vol
92 Brdtigny-sur-Orge, France

After the very interesting paper by Messrs. Sliff and LeSuer which covers very completely a very broad
subject and gives a very clear view of a very complicated question, there is no need to add my own
interpretations. I will only open the discussion by raising one major question and three minor ones.

Major Question: Mr. Sliff pointed out that progress in comercial transport aircraft has been faster
than the adjustment of old regulationz to the new types of aircraft. Does he think that this Will
lead inevitably to the need for a new philosophy of more flexible regulations replacing completely
the old rules, or to a very large adjustment of the old rules?

Minor Question #1: Does Mr. Sliff think that the subsonic speed parts of the new tentative airworthi-
ness standards fir SST9 could apply to modern aircraft other than supersonic transports?

Minor Question #2: Mr. Sliff stated that center-of-gravity boundaries lead to new handling require-
ments. I think that they also lead to the complex problem of compatibility between the subsonic and
supersonic c.g. boundaries (in terms of upoeds and altitudes) for emergency descent and deceleration
with the use of fuel transfer. This leads to the concept of envelopes associated with aircraft states
as explained in the paper by Messrs. Carlson and Wanner.

Minor Question #3: The choice of stability criteria as an example of a bad concept which must be•;• replaced ina very good one. Stability in itself has no meaning. It is onky the pilot-aircraft Imop

which counts, whatever may be the pilot: human or automatic. The remaining problem is a auestion of
redundancy and failure probability. This leads directly to the pilot rating criteria.
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OPEN DISCUSSION

R.S. Sliff, FAA, USA

The first point was the regulations, as I said, on the very complex airplanes which are requiring
considerable expansion and flexibility of requirements. The question was asked whether this would require
a very large adjustment in the regulations themselves. My answer to that is No. The reason why I say
that is the regulations are written in a ;ualitative and general sense. .a I pointed out, the specific
differences and complexities as they come up are handled in the terms of sppeial conditions and require-
ments with the aircraft so that you can eualuate that product with an exp.rt against a genefal requirement.
This always lends itself to opinion and I don't know how to get away from that. Next, on applying SST
standards to other ai-craft, we definitely feel that most of the requirements with regard to a supersonic
transport, with the exception of very few areas, are directly applicable to updating the rules and re-
quirements for any modern transport aircraft. Only those which would be peculiar to either temperature,
as affect by high Mach number or something peculiar to shock wave disturbance, or so on, for SST would
be truly an individual requirement for an SST. We intended to update the overall transport standard in
the same context that we have used to apply to supersonic transports.

On cg boundaries and failure concepts, we recognize that it is necessary to expand the cg envelope
outside of that which is controllable in another regime of flight. In this particular case, you have
to use a probability index such as TSS 5 or other to insure that you will have a safe airplane in face
of failures that can occur.

There is only one way, I believe, that you can truly evaluate stability and you answered that
question yourself, and that is through a pilot rating. We have 3.-tg said that only as a guido would we
use hard numbers such as 1 lb/6 knots for stick force versug speed. If it is half a pound and is suitable
for that airplane it has to be qualitativ1-y assessed.

0
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REVISIONS TO V/STOL HANDLING QUALITIES CRITERIA OF AGARD REPORT 408

by

Seth B. Anderson
Assistant for Interagency Programs

Ames Research Center, NASA
Moffett Fie!d, California 44035

Laurel G. Schroers
Aerospace Engineer

Army Air Mobility Research & Development Lab.
Moffett Field, California, USA 94035

SUMMARY

A brief review of selected handling qualities criteria for V/STOL aircraft shows that although a clearer understanding of the
requirements for controversial areas such as roll cuuttnl Power, vertical flight path control, and transition is in hand, considerably more
research is needed to refine these criteria for operational IFR activity. Because many items interact to influence the pilots' overall
impression of the aircraft's behaviour, additional work of a systematic nature must be done to clarify this aspect. A better definition of
a gust model which includes dis,'- "ust effects is needed to firm up criteria for both hover and STOL operation.

I. INTRODUCTION

All of us who are closely associated with the use of aircraft can readily appreciate the need to continuously revise and update
handling qualities. For V/STOL aircraft in particular, there are many reasons for this; for examp!e, to reflect recent requirements of
operational type aircraft, to give consideration for the peculiarities of operating with different types of lift-propulsion concepts, and to
describe the effects of operation with novel control systems on closed-loop responses.

The first AGARD publication of V/STOL handling qualities recommendations, AGARD Report 408 (tef. 1), was based largely on
NASA "T. F 331 (ref. 2). Both of these reports have received criticism, not unexpected, on their scope and specific recommendations.
They wee ( erted p'-imarily toward VTOL aircraft and did not adequately cover STOL aircraft, which utilize powered lift techniques.
In addition, the recommendations did not adequately take into account the different requirements by ihe various lift-propulsion
concepts or novel control systems. They were based mostly on results obtained from test bed type aircraft and helicopters and

obviously could not reflect the requirements of operational type V/STOL aircraft. To a lesser degree, the same criticism applies to the
revised AGARD Report 577 (ref. 3) because operational aircraft results were not available. Further, the consequence of providing only
minimum acceptable values of each handling quality item was not fully appreciated by the user; a V/STOL aircraft that ineividually
meets all recommendations could still be too demanding of the pilot's skill because several factors may interact to produce an overall
unsatisfactory response.

In revising ref. l it was agreed that a more meaningful and useful document would include:

* Evaluation of the various handling qualities items in terms of criteria rather than requirements or specifications.
* A discussion section following each criterion to explain the purpose of the criterion.
* Data and reference material to back up the proposed criteria.

Criteria can be defined as evaluation standards based on numbers that are meant only to be typical and can vary depending on the
particular mission and task. Meaningful criteria can serve as a guide in establishing specifications to be used by a contractor for the
design and testing of a particular aircraft.

In the past, handling-qualities requirements have been presented without an explanation of why the pilot desires a particular
characteristic; in many cases neither the purpose nor the interrelation of the various factors affecting the requirements were understood.
Without an understanding of all possible tradeoffs, there may be a tendency to apply the requirements too riidly to a particular aircraft
design, thereby compromising its utility.

Finally, it is helpful to provide background data and reference material for each criterion. If the user u lderstands the limitations
of the data on which the criteria are based, he can eval'ate the criteria with respect to their optimum application to his design, and, of
course, the contractor can then provide more effective specifications.

In showing how the foregoing philosophy was carried out in preparing AGARD Report 577. examples in several controversial
areas are given. The purpose is to point out how well the present criteria compare with the aveilable flight results, review areas that need
additional work, and indicate how these gaps in knowledge can be filled. Becamse of length restrictions, only the following areas will be
covered:

" Roll control power
" Vertical flight path control" Transition characteristics

2. RESULTS AND DISCUSSION

2.1. Roll Control Power

2.1.1. General background. One of the more controversial areas, which hps pcrsisted over the years. is a definition of how much roll
control moment must be -,pplied for hover awl STOL operation. Pilots have been more critical of the control of VISTOL aircraft
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about the roll axis than about any other axis partly because the lateral positioning must be quick and precise arid partly because of the
effect of cross winds during landing. Precise control is essential during approach because even small bank angles will result in relatively
large heading changes at low speeds. Undoubtedly, some of the difficulty in addressing this problem h..s arisen because several items
interact to determine the overall roll response apparent to the pilot. These include:

Control needed for maneuvering
"Control needed for trim
Control needed for upset (due to gusts, recirculation, ground effect, etc.)
Type of control system used
Control sensitivity
Aircraftft size (mission considerations)
Angular rate damping
Control lag
Turn entry characteristics (e.g., adverse yaw, yaw due to rolling) f
Mechanical characteristics of control system (e.g., friction, breakout, force gradient)

The total amount of control needed is made up by a combination of these indi.dual requirements; the first four are the major
inputs. The pilot desires certain values of roll control for maneuvering, for trimmir3 in sideward flight, and for controlling upsets due to
turbulence or self-generated disturbances. Control power requirements depend on many factors: (1) the mission to be performed;
(2) the susceptibility of a particular configuration to unsymmetric moments resuhing from aerodynamic or thrust-induced crossflow as
well as turbulence and ground-induced disturbanres; (3) aircraft size, qnce in general, large aircraft are maneuvered less briskly, and
because of their higher inertias they tend to be d:sturbed less by tturbulence; (4) the type of control system used (more stabilized
systems require less control power); and (5) the amoumit of angular rate damping available.

For trim in hover, various amounts of roll control moment are needed to maintain desired velocities in sideward flight. The )
amount differs for each VTOL concept because of ihe difference in magnitude of rolling moment introduced from both aerodynamic
and engine-induced flow sources. For aircraft with inherently large rolling moments induced by side velocity, ample control moment is
needed to avoid the development of excessively large ban): angles, which may occur ,icry abruptly with a sudden loss in altitude when
the aircraft is suddenly turned sideward from a headwind approach. Some types of VISTOL aircraft require that any asymmetric rollingmoments associated with powerplant failure be trimmed out Further, the amounts of trim required depend on the cross-wind

magnitudes specified for a particular mission and VTOL concept.

Ile amount of control powe available to counteract upset due to gusty air or selflnduced flow effects in ground proximity
(which are also configuration dependent) directly affects the precision of the approach and touchdown. In vertical takeoffs and
landings, tepltnestadutattdrailtovidexcessive side drift. Bank anpie excursions are undesirable in STOL
approzches because of the tendency to induce large heading errors. In these cases, the pilot is interested primarily in returning to the
initial bank angle in a given time. In addition, the type of control system used has a pronounced effect on control power requirements
for upset. More sophisticated control systems, such as attitude command, automatically reduce or eluminate the need for the pilot to
correct for the upset. Because corrections can be sensed and made more quickly by the SAS, large amplitude excursions in bank do not
develop and there is a resultant savings in control power requirements.

Because of the foregoing considerations, the criteria for roll control power were broken into the factors listed in table 1. Although
only examples of roll control power are presented here, a similar system has been used for the pitch and yaw axes. The chief purpose in
breaking the requirements into separate parts is to torce the user to examine how each one affects his particular aircraft design or flight
evaluation. Different values of roll ac:eleration are given to take into account the type of control system used and the type of
operation; i.e., VTOL or STOL

Table I. Roll Control Power Criteria

f PARAMETER TO CONTROL POWER TYPE OF MINIMUM LEVELS FOR SATISFACTORY OPERATION
BE MEASURED REQUIRED FOR: CONTROL SYSTE.M HOVER STL

; ATTITUDE0.2- 0.4

ROLL AXGULAR COMMA•D
ACCELERATION. MANEUVERING RATE 0.2- 0.4 0.1 -0.6

ACCELERATION 0.3- 0.6
iL ATTITUDE

COMMAND
BANK ANGLE AFTER MANEUVERING RATE 2-4 2-4

ACCELERATION 2-4 2-4

ROLLCONTROL SUFFICIENT CONTROL IN EXCESS OF MANEUVER.

DEFLECTION AT TRIM ALL ING REQUIREMENTS TO TrIM OVER DESIGNATED
ZERO ROLLING SPEED AND P.RANGE AND FOR MOST CRITICAL

VELOCITY, .ENGINE FAILURE

SUFFICIENT CONTROL IN EXCESS OF MANEUVER.
TIME TO RECOAITER TO ING AND TrIM REOUIREMENTS TO BALANCE MO-INITIAL ATTITUDE UPSET MDE TO GUSTS.MN U OASEICGS:FREAPE

OR CONTROL RtCIRCULATION. GROUND ALL MENT DUE TOA SPECIFC GUST: FOR EXAMPLE.DEFLECTION. see EFFECT. ETC.)30t/ GT
BUILDING UP IN BUILAINGOVERA

,, 1 • 100ft DISTANC

TYPICAL I.ANGE OF I ATTITUDE 0.4-15 0.2- 2.0
ROLL ANGULAR VALUES USED VY VISTOL COMMAND
ACCELERATION. AIRCRAFT FOR MANEU. RATE 0.8- 2.0 0.3 - 2.5

rad•unc VERING. TRIM. AND
UPSET L ACCELERArON 0.8 - 2.0

2.1.2. Control needc. .for mnneurcring. Table I lists a range of values for maneuvering control requirements in order to reflect the
mission requirements. In ref. 3 the criterion states that . aircraft whose missions require extensive maneuvering should be capab'e of



S• 4-3

at least the larger values indicated, while those for which maneuvering is only incidentO! to the w:mjo -_iu tho, for which dir'ct side
force control can also be used .ou: be capable of at least the lower value noted." The validitt' of the values listed ;n tab" I is
certainly open to question because ultimately the values must come from real operational expe'ience -vith different classes of V/STOL
airci oft. Until such results are available, we can only speculate, on the basis of limited datz obtaine4i ?rimarity from nonoperatior.,' type
V/STOL aircraft, sonit. of which have attempted to simulate operational type maneuvers. There i- the further problem of sort'~.• out
from data obtained during thes, maneuvers, the amount of con.rol used uniquely fcr maneuvering and that which was ased
concurrently to correct for tnrm and upset due to gusts, turbulence, recirculation, etc. Pr-thaps the best answers :,n be dc ;%ed from
examining records of aircraft for which trim change-, by virture of their engine and aerodyna..ic laycut, are minutitun. Furtlit, if these
aircraft use an attitude command type of control system, the effects of external diaturbance are minhaized. '.Rsulis from two such
ai-craft, the VJ-101 and the DO-31, show that sati.factOry operation in hover was obtained with values of 0.2 rad/sec 2 and
0.4 rad/sec2 , respectively. Further confirmation of the lowe: ;alue ,f roll angular az leration for STOL operation has been ubtained
from "flights" in a piloted motion simulator (ref. 4). A sligihtly higher value (0.6 rad/sec2 ) was selected for the upper end of STOL
operations to reflect the need for more .gile maneuvering into confined areas.

2.1.3. Control needed for upset. The amount of control needed to take care of upset due to gusts, recir:ulation, ground effect, etc., is
dependent chiefly on the magnitude and character of the disturbance. It is in this area that the proposed criteria are weak. Although
improvements have been made in gust measurement techniques, data analysis, and prediction effects, a well-defined gust model suitable
for hover and SiOL operation still remains to be defined. The criteria for upset used in table I attempt to establish a base for firmer
values. It was considered necessary to specify a discrete gust effect rather than the usual rms random noise type to provide meaningfu!
results for control power assessments.

2.1.4. Validity ofr-,' control power criteria. The range of values for total control power given in table I reflects the speculative nature
of the criteria and permits flexibility in choice for design purposes. The values in the bottom to* are typical ran.-es used by various
rrtrcra ft and are not intended to represent firm numbers which must be met. An examination of flight test data and a discussion of how
some of the aforementioned items interact to produce a given overall impression of roll response to the pilot follows.

Le- 0 SR 941 60 1.0 Figure i shows results of STOL aircraft tests (taken from :e. 5) obtained during
- C-BA 65 .8 approach and takeoff. The results are presented in twrni of maximum angular

6 Yc-8e Asole . acceleration obtainable as measured by the conventional roll reversal technique. For0,- YC-134B 80 .7

YC-O34AtAh o.4**9c 3 convenience, the data ari presented as a function of gross weight which was used as a
L464 V NC-i308 70 .9c OVO NC-30s 85 .e sizing formula (W + 1000)I/ in AGARD Report 408A. Also shown are the pilot's

CONTROL 
12  

4 367-80 85 10
POWER, L 367-80 115 .4 ratings of the overall roll response for each aircraft. It should be recCgniz.:d, however,

io,rod/sec2 LO- 'a vz-4V'5 3-3 that angular acceleration is only a convenient parameter to hse as a yardsl ck and thata _ 031 it relates only indirectly to the pilot's impression of controllability. Fu 'her, when
\, weight is used as a parameter, it only approximates the effects of size and, as noted

.6 - " 5• -z previoui,, -elects maneuverability requirements and sensitivity to turbulence.

&5 V53Note first that a large a, -ration value does not necessarily indicate .tisfacto;y

F2- a7c fr41 pilot impression of roll response. Ft c -tAmple. the VZ-q n -f rcraft has over three times
0a'........'-"-' the roll acceleration capability of the majion' of the other aircraft and still has only a

W. tbx 103 pilot rating of 4. The ability to maintain a desirei "'-nk angle while maneuvering in
Fig. 1. Lateral acceleration for STOL operation; tuibulence has been the most critical requirement for i,." control of these STOL •

pilot rating next to symbol. aircraft at takeoff and landing speeds. For example, in tests of the ,, 941, less than
40 percent of the available control was used euring extensive imaneuvering. Remember

that this aircraft requires little lateral trim for cross-wine operatior and the propellers are interconnected to remove any engine out
asymmetry trim requirements. "The BR 941 is perhaps the most documented of these aircraft. It has been flight tested with several
lateral control modifications and has been extensively investigated in piloted motion simulators. Flight ttsts with this airraft in IFR
operation at d moderate turbulence (ref. 6) indicated that roll control was satisfactory with a control power of 0.4 rad/secO under these
more adverse conditions. Note that for a heavier aircraft, the NC-I 30B. poorer ratings are evident for this same control power value
S(based again on IFR operation in gusty -ir). The poorer overall roll controllability was due in part to low control sensitivity and to the
fact that at 70 knots almost full roll control was required to trim for an inoperative engine. Therefore, too small a margin was lef'; for
maneuvering. The heaviest (and largest) aircraft tested was the 367-80 (707jet transport) modified to incorporate a high-lift BLC flap
system. With the combined aileron spoiler system, the roll acceleration produced by large control deflections was so large for that size
aircraft that the pilot was concerned about possible sttictural damage. In the initial tests with this aircraft the aileros were equipped
with an aerodynamic tab control that was rated unsatisfactory (PR 4-1/2) because of high forces and nonlinear response
characteristics. Changing to a hydraulic powered control system with essentially the same rolling moment capabilities improved the
pilot rating because of the lower forces. These data show that an improved pilot rating resulted when a higher approach speed was used.
Lvcn though less acceleration was available. In this case, the cross-coupling effects CNva , , CI, p were greatly reduced at the lower CL
associated with the higher approach speed. A further example of interrelated effects :s brought out by the results obtained on the BIC
equipped YC-134A aircraft. Even thotgh very large lateral acceleration was available with the combined spoiler and aileron

3.2 combination, precise use of this capability was difficult because of
M. NVZ-2 nonlinear response. At approximately 30* wheel position, the region

most frequently used in controlling the aircraft, the rapid increase in
2.4 response and the large increase in force when the spoilers were engaged

evJ-mx-x, combined to produce an unsatisfactory characteristic that masked the
2.0- C1.14 Px•27 control power ratings of this aircraft.

CONTROL X-14A 10

rod/se SC-u SG Figure 2 shows the same parameters for VTOL aircraft in hover.
.2 v- x-,.ZNote that a wide range of values exist fat the various aircraft. These

.8 00-3, vai,ics are generally well above the former AGARD 408 sizing formula

.4 E a (W+ IO00)iA. which was really meant to be a minimum maneuvering
.4 qVZ-4 AGAqD REPORT 4 0requirement. Because of lack of claity in this respect. it was

S. . . . . .z-....-- i conveniently used in many paper designs (and for a few aircraft) as the
0 4 e 2 6 20 24 28 32 36 40 44 CC

cnoss WEIGHT, lb= .'" total control power needed. It is obvions that a sizing rule is diffics.it to
establish from these data for the reasons dtscu'sed ia the followir..

Fig. 2. Lateral acceleration for VTOL operation. paragraph.
A1
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One of the first points to notice is that the X-14A is I/4 the weight of the P.1127 but can get by with less control power
mainly because the P.1 127 requires a major portion of its available roll moment to trim for sideward flight. In fact, for the Harrier
VTOL aircraft sideslip is restricted in forward flight by a warning device on the rudder pedals (ref. 7). Further, the aircraft would have
required even more roll control power if tCe control sensitivity and the mechanical characteristics of the control system had not been
optimired for low-speed flight. Other aircraft which also require a lage percentage of available control power to offset rolling moments
associated either with -.deward flight in hover or sideslip in forward flight, are the XV-SA, SC-I, Balzac, and Mirage III-V. In fact,
this particular trim rmquirement had been seriously overlooked in operational testing; consequently, all of the aforementioned aircraft
(except the X-14A) have been damaged in accidents caused by this trim problem, some serious enough to be fatal. The major rTlling
moment contribution has come from induced flow effects associated with inboard locations of the jet engines.

Notable jet aircraft which are exceptions to the sideslip trim problem are the V.- 101 and the DO-31; both of these aircraft have
the jet engines at the wing tips. This lack of trim requirement is reflected in the control power usage for the VJ-101 (ref. 8) which
shows that only 0.25 rad/sec2 was needed for roll control in typical takeoff and landing maneuvers. Similarly, with the DO-3I, "oll
control power requirements for IFR approaches in gusty air shov'wd that 0.4 rad/sec2 was adequate. Both of these aircraft have lager
roll control power available because of engine-out trim requirements.

2.2. Vertical Flight Path Control

2.2.!. General background. Vertical control of flight-path angle during approach, flare, and touchdown and during rotation and
climbout is an important consideration for STOL operation because of the short field length requirements. Satisfactory routine
operation from short fields with obstacles in the approach and climbout paths depends on precise control of flight-path angle. During
STOL operation of V/STOL aircraft, vertical flight path cannot be controlled adequately by pitch control alone, and the pilot m ist use
additional methods to develop normal acceleration.

Powered lift is used for flight path control in three gn.neral modes: (1) controlling rate of sink at flare and touchdown,
(2) acquiring and tracking a particular flight path angle during, approcch, and (3) making gross changes in flight path for waveoff and
turning flight. Satisfactory performance of these tasks depends on the amoun: of normal acceleration available from powered lift, the
aircraft response time, and the degree of cross coupling. The values needed tby the pilot depend on how critically the particular flight
mode must be controlled. For exampla, altitude control during flare and touchdown must be precise and requires a short response time
for this critical maneuver. It is equally important that cross-coupling effects between powered lift and aircraft rotation be milnimized so
that the pilot can precisely adjust rate of sink and aircraft attitude independentl) as required for optimum landing and takeoff
performance.

Consideration of these points is given in the criteria presented in table 2.

2.2.2. Criteria. For satisfactory flight path control during all phases of STOL flight operation below Vcon (including approach, landing
flare, touchdown, and waveoft), the vertical aircraft response characteristics obtained at a constant attitude resulting from any
combination of inputs from throttle, collective, and thrust vector cont-ols should meet the values listed.

Table 2. Minimum Vertical Flight Path Control Characteristics in ST3L Operation

ITEM MODE' PAnAME
T

ER '10 CE MEASURED LEVEL FOR SATISFACTORY MINIMUM LEVEL FOR

OPERATION ACCEPTABLE OPERATION

INCREMENTAL NORMAL
ACCELERATION •0 Ig INSUFFICIENT DATA

CONTROL POWER .....

c STEADYSTATECL," tANGLE 6 OR600ffrmn I 2"00ft/mm

2 GREATER THAtN .
ALI INCREMENTAL DESCE IT ANGLE SELECT-D INSUFFIhIENT DATA

AP.PRtIACH ANGLE

A AIRCRAFT RESFNSE ACHIEVE MODE IA IN LESS INSUFFICIENT DATAA. AICRAF RESF•NSETHAN 0.5 sKc

ACHIEVE MODE !B IN LESSI

RESPONSE TIME B AIRCRAFT RESPO:CSE. A THAN 1.M se I INSUFFICIENT DATA

ACHIEVE MODE IC IN LESS ACHIEVW .aODE IC 1? LESSS AIRCRAFT RESONSE THAN 2.4 sec THAN 4 0 see

CROSS COUPLING ALL PITCHING MOMENT NOT OW.CT-'0.A:LE NOT OBJECTIONABLE

s.MODE A. FOR FLARE AND TOUCHDOWN CONTROL HE- LESS TmHAN 0a S5.CAX BE DEVELOPIT' BY AIRCRAFT
ROT. 'TION UW.G PITCH COW'ROL ALONE.

MOWE B FOR FLIGHT PATH TRACKING WHEN MORE THAN IS g BUT LESS I HAN 0 Xq CAN BE DOE'.ELOvO BY
PITCH CONTROL ALONE.

MOUE C. 60• GROSS FtIGHT PATH CHANGES REGARDLESS OF THE NORMAL ACCELERATION DE VELOPED BY
PITCH CONTROL

2.2.3. Validation of dam. As noted in table 2, different modes of operation are specified for STOL operation of V/STOL aircraft
depending on the precision of flight path control required. As expected, the pilot desires incresed vertical response time and "g" from
power the closer he gets to the :tround. In order to determine whether the criteria for Mode A or B apply, the pilot performs abrupt
longitudinal control steps at the appropriate trimmed flight path Tingle. Compliance with the criteria is demonstrated by steps
performed with the flight path control device with the aircraft attitude maintained constant with the pitch control. Mode C applies
equal'y to 9ll aircraft regardless of the means used to produce the rcsponse.

"In tests of the BR 941 -ircraft (ref. 6) engine respon;a to small throttle changes had a 0.5 sec lag plus a first-order time constant of
"0.7 sec. There ,A'iS no appreciable lag between vertical "g" and pfwer changes (i.e., no aerodynamic. slipstream lag). It was possible with.
throttle alone to obtain more than 10.1 g, which resulted in satisfactory flight path tracking down to about 50 ft. The pilot felt lth;
longer engine time las and time constants would have degraded his ability to track the ILS glide slope. This response was not adequate
when he used power !n arn-st the sink rate Mt touchdown. In general. none of the STOL aircrart tested thus fir (ref. 5) co-,ld be flarecd



by using engine thrust for several reasons: (l)engine response was too slow, (2) the aircraft had to be rotated for proper ground

attitude, and (3) power changes produced undesirable changes in airspeed. As a result, g was obtained, as for conventional aircraft, by
rapidly increasing aircraft attitude. The touchdown maneuver for STOL aircraft is, of course, similar to the height control problem for
VTOL aircraft. In this respect, values of overall thrust response should not be greater than 0.5 sec, and 0. 1 g should be available. The
response for gross changes in flight path (away from !he ground) is less stringent; for example, a 2.0 sec delay is considered satifactory(see ref. 9).

2.2.4. Additional data requirements. Admittedly, the vertical flight path criteria, in their present form, are weak, and more fimn
quantitative values are needed for both control power and thrust response. As is true for control of other axes. cross-coupling effects
and interrelated items affect the pilot's assessment of precision of control. Included arc the followir.g:

I. Static longitudinal stability
2. Short period and phugoid frequency and damping
3. Direct lift control
4. Effect of automatic power compensation -
5. Ground effect on lift, drag, and pitching moment
6. Gust sensitivity (lift curve slope)
7. Power "back..dedness"
8. Trim change with power (magnitude and direction)
9. Thrust and control system response (lags)

A systematic evaluation of the foregoing items is a formidable task, and it is difficult to generalize on answers from speciPc
aircraft because the significant parameters cannot be varied over wide enough ranges. Steps are under way to examine the effects of
these parameters on vertical flight path control using a piloted motion simulztor at NASA Ames, and at the RAE, Bltdfotd, and byflight tests of the Bell X-22A aircraft.

2.3. Transition-Acceleration/Deceleration

2.3.1. General background. Good transition characteristics are essential for success.-l use of V/STOL 6ircraft for a number of reasons.
First, it may be desirable to perform transitions quickly to minimize time spent in the terminal are,. Second. transitions are usually
performed in the critical landing approach phase of flight, where the pilot must be able to maintain precise control of flight path
particularly for IFR operation. Fina;ly, transitions ,ccur during the pilot's prvk work load, when he is involved with configuration
changes, such as selecting landing gear and flaps, and starting lift engines, as well as communications and navigation duties. In the
following paragraphs attention is given to those handling-qualities items that goern aircraft behavior in going from powered lift flight
to aerodynamic lift regime and vice versa for both VTOL and STOL aircraft.

2.3.2. Criteria. VTOL aircraft should be able to accterate rapidly and safely from hover to Vcon in climbing flight or at constant
altitude. From Veon they should be able to decelerate rapily and safel at constant altitude or in a descent to the maximum approach
angle required by the mission: to acquire and maintain bodt shallow and steep flight path angles; and to stop quickly and precisely over
a preselected hover spot. Depending on the mission, acceleration and deceleration values up to 0.5 g in level flight are desired. In
addition, it is desirable to be able to accelerate contnuously from a rolling takeoff (RTO) to Vcon and decelerate smoothly to a rolling
landing.

STOL aircraft should be able to accelerate frrm Vapp to Vcon in level flight or climbing flight; :o decelerate quickly from Vcon
to Vapp; and to precisely acquire and maintain both shallow and s.teep flight path angles.

It should be possible to carry out the above maneuvers with the precision and performance specified for the mission without
restriction due wo control power, trim. stalling or buffeting. e.igine thrust, or response characteristics.

The pilot should bI required to operate only primary flight controls, power setting, and thrust vector tilt. If other devices required
for transitions arc operated automatically, it should be possible for the pilot to monitor their perfoimance easily, and inadvertent
operation of any transition control shoc:d be prevented.

2.3.3. Di.cussion. 'he purpose of these cnteria is to ensure that in going from powered lift flight to aerodynamic lift fligh: and vice
versa, the pilot can perform the necessary maneuvers as 2xpeJitiously as needed without undue attention to aircraft attitude, angle of
attack, airspeed, and tr~m factors that wouMd .ompromise hi, ability to fly the aircraft accurately along a chosen flight path in all
environmental conditions Further, good control characteristics are needed for STOL operation when going in and out of ground effect
because g:ound-induced recirculation may cause unstea-dy flow over the aircraft. In addition, the pilot should have the capability to
decelerate Ps nc..eded at any portion of the speed range to quickly attain a particular appioach speed or to avoid overshooting a desired
touchdown area.

The time required for making a tr:nsition can vary according to the mission; however, it is necessary from safety considerations ,
that the rate desired by the pilot should not be govemred by limitations in controllability about any axis. If the pilot must handle a large
number of separate operations to accomplish the transition, his performance in terms of airspeed, angle of attack, and flight path angle
control will stffer during this critical flight phase. Due consideral:on should be given to multicrew fanctions in transport configumtions i
where. for example, lift engine startup and shutdown could be handled by a copilot.

2.3.4. Validation of data. Operation of various VTOL and STOI aircraft indicate that the VISTOL concept its-lf has certain built-in I

limitations on the acceleration/deceleration handling characteristics. Fuither. these characteristics vary depending on the dire=1ion of
transition.

The P. 1127 aircraft, for example, is equipped with a proportional-position, thrust vector control that operates only on the engine
thrust vector. The magnitude and direction of the aerodynamic (lift and drag) sectors are controlled indirectly throua, changes in
aircraft attitude. The pilot. therefore, can change the magnitude and direction of the engine thrust vector independentlv of the
aerodynamic vectors. As shown in reference 10. the -ate at which the proportional tnrtmst vector control was .oved related directly to
the magnitude of tle vecior. When a large zngine thruwl vector is usd. as d&rmng takeoff, a ratt of approxirately 40 /sec was selected.

-~ *.~j-- -Z
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(Note that 900/Isec is available.) This provided an initial acceleration of approximately 0.2 g and an overall average ;.cceleration (0 to /
160 knots) of 0.43 g. A higher thrust vector rate would have produced higher accelerations but a loss in altitude since aerodynamic lift
could not be gained rapidly enough to offset the change in vertical thrust. During a decelerating transition (160 knots to 0), however,
the pilot commanded a thrust vectoring rate of approximately 45°/sec. This was possible, of course, because of the small magnitude of
the engine thrust vector. A typical decelerating tiansition was initiated at 160 knots with +6.50 pitch attitude and a low power setting.
From 160 to 80 knots, a maximum deceleration of 0.46 g was attained. At 80 knots the thrust vector was rotated from the 50 forward
position to the vertical position after which the aircraft pitch attitude was then increased to +14' to decelerate from 80 knots to zero
with an average deceleration of approximately 0.2 g.

In tilt-wing aircraft, such as the CL-84, the aerodynamic vector is rotated with the engine thrust vector The pilot, therefore,
must command a thrust vectoring rate that is compatible with the magnitude of the aerodynamic vector and of the engine thrust.
Further, maximum thrust vectoring rate is a function of wing angle and the direction of thrust rotation. The CL-84 wing could be
rotated up at a rate of 6*/sec. The maximum downware rate of 12/1s-c was linearly decreased to 2.63°/sec between wing angles of 450

and 50. The pilot did not have direct control of thrust vectoring rat:s because his control was only an on/off switch. The approximate
thrust vector rate desired could be achieved by intermittently turning the switch on and off.

In an accelerating transition the pilot commanded a vector rate of approximately 7*/sec, which produced an initial acceleration of
0.2 g. After a brief 2 sec period, the pilot commanded maximum thi ust vector rate for the remainder of the transition. This produced a
maximum thrust vectoring rate of approximately I 0 /sec and a m'x:mum acceleration of 0.44 g. In this accelerating transition, since
the initial aerodynamic vector is small, a high thrust vectoring rate could be used without experiencing control coordinvtion problems
and in this respect the CL-84 is very similar to the P. 1127.

Decelerating transitions of the CL- 84 tilt-wing aircraft is completely different, however, because the pilot is required to manage
the ccntrol coordination problem caused by tilting the large aerodynamic vector. This requires selecting a wing tilt rate that is
compatible with the aerodynamic vector and the magnitude of the engine thrust. As stated in reference I I this completely unfamiliar
technique was difficult to perform. It was further complicated by the need to oper.-te the wing-tilt switch intermittently to obtain a
variable rate to match the lift required. Therefore, holding deceleration at any fixeid rate was very difficult. A typical decelerating
transition shows that the pilot commanded a thrust vectoring rate of 3*/sec for the major portions of the maneuver (15' to 600) and
then commanded a maximum available rate of 6*/sec for the remainder of the transition (600 to 8e°). This produced a nearly constant
deceleration of 0. 15 g. The aircraft is capable of higher decelerations. but the pilot control coordination problems increase. Different
characteristics are shown for the fan-in-wing XV-5 aircraft (ref. 12). At low speed, the wing fan louvers are used for height control, roll
control, yaw control, and speed (thrust vectoring) control. In addition, the angie of the louvers determines the amount of roll control
available to the pilot (roll control is phased out as a function of louver angle as speed and aileron control increase). Specific attention

was required to ensure that a "rule-of-thumb" relationship of 2 knots of airspeed for each degree of louver angle was maintained to
avoid a loss of lateral control power. A high degree of pilot attention, was required to maintain the louver angle-airspeed scheduie (a

* pilot rating of 5 was assigned). The maximum thrust vectoring rate built into the XV-5A aircraft was 3*-4°/sec. During an accelerating
transition from hover, the pilot commanded an overall average thrust vectoring rate of 1.6*/sec and an acceleration of 0. 13 g.

2.3.5. Additional data requirements. Sufficient data are avadable to show that one minimum or maximum rate will not sat;sfy :ll
VTOL concepts, but insufficient data is available to establish a satisfactory rate for each VTOL concept. In addition, ' he limitations for

* IFR operation have not been clearly defined. It is to be expected that only relatively low deceleration values will be used to reduce pilot
workload in the landing approach task. Early experience with the DO-31 aircraft indicate that deceleration values of 0.07 g were used
to provide sufficient tricking time on the ILS to assess th- approach ard gain confidence to proceed to the landing. Further, real life
operation is needed to assess the passenger comfort aspect for civil use.

3. CONCLUDING REMARKS

A brief review of scl-cted handling qualities critena lor V/STOL aircraft shows that although a clearer understanding of the
requirements for controversial areas such as roll coistrol powe7, vertical flight path control, and tiansition is in hand, considerabty more
research is needd to refine these criteria for operational IFR activity. Because many items i,,teract to influence the pilots' overall
impression of the aircraft's behaviour, additional work of a -ystematic nature must be done to clarify this aspect. A better definition of
a gust model which includes discrete gust effects is needed to firm up -:riteria for both hover and STOI. operation.
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OPEN DISCUSSION

S.J. Andrews, A&AEE, UK

How can one design flying qualities to give high touchdown accuracy for short landing in view of
the fact that the landing distance of the SrOL aircraft is of the same order as the scatter of touchdown
point of current aircraft?

S.B. Anderson, NASA Ames, USA

What we have tried to do with the vertical flight path control for STOL operation was to give you
numbers that would specify how much vertical "g" was required for flight path control in combination
with that required for pitching. This demands a certain value to be able to change flight path to hit
the spot accurately, it demands a certain acceleration and rotation capability to get the aircraft in
the right attitude for ground contact and also requires the proper response time for the power lift con-
trol. It is interesting to note that in ill of the twelve or so STOL aircraft that we have tested we
could not use power during flare and touchdovn. There are two reasons for this: (1) the response time
is too long and (2) the rotation of the lift vector was not sufficient.

R.S. Sliff, FAA, USA

Mine isn't really a question, but I thought I might be able to help the last question.

From the test work we have conducted at our experimental center in Atlantic City, with primarily
two kinds of aircraft, the Twin Otter and Breuguet 941, we have found two primary things: (1) you cannot
have a speed in excess of 70 knots on approach if you are talking about accuracies of 200-300 feet in the
touchdown zone, and (2) you must have positive guidance. We used a microwave ILS system plus we were ex-
perimenting with vertical guidance in the form of a visual slope indicator. With these two devices we
found that we could very easily set up touchdown zone of between 200-300 ft.

S.B. Anderson, NASA Ames, USA

One additional comment, if you have a landing gear which can absorb a lot more energy, like the
Breguet 941 has, you just aim it and let it hit. This increases tht touchdown accuracy immensely.

W.T. Kehrer, Boeing, USA

Seth, would you please comment on your opinion of the ability of commercial transport pilots to
adapt a new and unusual control technique (if required) for STOL aircraft? I am concerned, of course,
particularly with the landing approach mode of operation, where, for some STOL concepts, the pilot's
control must vary somewhere between that required for a helicopter and that required for a conventional
jet transport.

S.B. Anderson, NASA Ames, USA

There is no question that we are going to have to make the job easier than we've done for our test
pilots. This will come about by the use of more augmentation, certainly auto throttle attitude command
type of control systems, and improved display and guidance information. There is a lot of work to do to
make these STOL aircraft acceptable to the ordinary routine pilot and to do it without raising the
price too much.

W.T. Kehrer, Boeing, USA

Our STOL flight simulator work at Boeing indicates that commercial transport pilots generally wil.
not adapt to "helicopter-like" control techniques, and in some cases when they have apparently adapted,
they are seen to revert in times of stress to their old habit patterns - often with disastrous results.

J.E. Farbridge, D H, Canada

In response to two questions from the floor, I made some comments which the following may clarify:

Query I: Someone commented about the apparent need for helicopter training with DLC. I wish to suggest
"that consideration could be given to Direct Drag Control DDC for STOL operation in which the pilot control
will be sensibly conventional. In particular, the augcentor-wing, as presently envisaged, uses a
direct control of thrust vector which is essentially DDC on approach to land. This mode of control is
extremely responsive and no change of power setting is required during approach and flare. Thrust vector
control therefore replaces throttle control as a principal control, in conjunction with the stick."

Query 2: Someone asked how the dispersal of STOL touchdowns, which are presently of the order of STOL
airfield lengths for CrOL approaches, are to be reduced. "'ouchdown dispersal i: also markedly reduced
with high glide path angle approazhes, and also partial flaring techniques, as well as the low speed
already mentioned".

Prof. K.H. Doetsch, DFVLR, Germany

Not so much a question as tri,'g to give an additional answ.er to the question just put on - how
the average airline pilot should cope with V/STOL aircraft. I believe, based on German studies, that the
pilot will require "unified" or "decoupled" controls in his hands for each degree of freedom of motion
that is of major importance, even if this implies that this control operates for instance throttles and

* elevator (or other) controls similtaneously. The decoupling has to be done by automatic commuters.
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U.S. MILITARY V/STOL HANDLING QUALI REQUIRDOT

Charles R. Chalk, Cornell Aeronautical Laboratory
t P. 0. Box 235, Buffalo, N.Y. i4221

and
Charles B. Westbrook, AF Flight Dynamics Laboratory

Wright-Patterson AFB, Ohio s5433

SUMMRY

It is the purpose of this paper to describe the recently issued V/STOL handling qualities criteria
specification, MIL-F-83300 (Ref. 1). The evolution of the specification is traced over the five year 4
period of its development. Problem areas requiring additional work are pointed out as well as research
efforts underway to address some of these problem areas.

THE NEED FOR CRITERIA

The V/STOL industry has needed a general flying qualities specification for several years. The lack
of such a general set of requirements has resulted in the necessity to formulate detail specifications
for each new procurement. For the low speed region, these specifications were, in general, blends of
MIL-H-8501A, AGARD 408, and various degrees of experience on the part of the engineers defining the
criteria; MIL-F-8785 was used, with some amendments, for higher speed flight. This state of affairs
created problems not only for the procuring activity, who had to write these detail specifications, but
also for the contractor.

The contractor usually had no chance to see the detail specification until the Request for Prop)sal
was sent out for bids. Consequently, he had no solid basis for requirements during the initial phases of
design.

In 1966 ulhen the Air Force initiated the job of writing an adequate but not overly restrictive

specification, r* was realized that it w"'Xd be a formidable job. A general specification having adequate
requirements based on the latest data and operational experience and in a form which could be tailored to
be used as a detail specification was the goal.

The rekuirements of the specification must be such that they are not so overly restrictive as to
yield flying qualities in excess of those actually needed. This is very important for a V/STOL specifica-
tion since meeting flying qualities requirements at very low speeds can have a large impact on vehicle
performance. The weight of the mechanical and electronic components, and the thrust lost for control,
must be the rinimum necessary for good flying qualitles, or the vehicle will lose performance capability
needed for mission accomplishment. On the other hand, if inadequate flying qualities were provided for
the sake of performance, the pilot would be unable to control the aircraft sufficiently well to perform
the intended task.

The general specification should he easily tailored to a detail specification. In the initial phases
of design of an aircraft; i.e., during feasibility studies, it is intended that tne general specification,
Reference 1, will be used. In the past, when no general specification was available, the contractor used
his best judgment of the necessary flying qualities during initial design, but these were usually different
from those seen later in the detail specification. This caused delays and design changes and was not an
efficient design process. After the preliminary design process cycles for several iterations, the opera-
tional requirements and the handling qualities criteria are modified as necessary and desirable to arrive
at a feasible vehicle. At this point, it is intended that a detailed handling qualities specification, a
refined and simplified version of Reference 1, would be written and utilized in the procurement process.
The Request for Proposal to the contractor would include this detail specification that the chosen air-
craft contractor must meet. If the contractor disagrees with a requirement or its numerical values, he
shows data justifying his request for a deviation when he answers the request. These deviations are
reviewed by the Government technical staff and are approved, disapproved, or a compromise is reached.
Finally, when a contractor is chosen to build the aircraft, the detail specification is complete, and
this is what the contractor uses as the design goal for flying qualities.

Thus, it is seen that the criteria documents must be viewed as changing throughout the design process
sad not as rigid inflexible sets of rules. Die general document must be based on the very best foundation
possible and be broad enough in scope to include all or at least most configurations and missions. The
design process must provide the flexibility needed to not unduly penalize a design without the license to
the contractors to escape meeting necessary requirements just because they are hard to meet.

HISTORICAL DE-VELOPMENT

In 1966, the U.S. Air Force Flight Dynamics Laboratory began a concentrated effort to improve the
status of flying qualities criteria for V/STOL aircraft. This effort was a part of a larger effort of an
Air Force advanced development program called the VTOL Integrated Flight Control System (VIFCS) program.
As originally conceived, this program had four basic parts which can be briefly described as: (1) flight
control system design, integration, and test including definition of the total flight control system
criteria to meet VTOL requirements, and integration and fabrication of a total flight control system for
control technology demonstration and validation in a uodified XV-4; (2) analysis, de.ign, development,
and flight investigation of specific flight path display techniques suitable for all-weather operation and

- - - -
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their integration with the pilot-control system combination; (3) development of VTOL handling qualities
design criteria; (4) modific,&tion of a jet VTOL &irplene (-Lhe XV-4) for use as a variabi stability test
vehicle (the XV-LB).

Part 3 of this program, concerned with handling qualities criteria was performed by a large in-house
effort by the Air Force Flight DInamics Laboratory (AFFDL) supported by the Cornell Aeronautical Labora-
tory, Inc. (CAL) under contract. Under the contract, CAL's responuibilities included: (1) experimental
simulator investigations into the handling qualities of VIOL airplanes; (2) developing techniques for
analyzing and evaluating VMOL handling qualities; and (3) utilizing experimental data and analysis to
generate 'VTOL handling qualiti,!s requirements and design criteria.

The initial effort during the first year of the program involved a survey of the V2OL flying quali-
ties literature. In order to supplement the literature surveys, a series of meetings was held with
representatives of airframe companies engaged in design, development, and manufacture of VTOL aircraft.
At these meetings, held during the weeks of 10 October 1966, and 24 October 1966, at AFFDL, the attendees
discussed their views, feelings and opinionr on the applicability of existing handling qualities documents
to VTOL aircraft, and the format and content of a future VTOL handling qualities specification.

Seventeen airframe industry companies were involved in individual meetings. The various governmental
agencies concerned with these matters were in attendance. By providing a broad view of the overall
V/STOL flying qualities picture, the literature surveys and meetings established a basis for more
intelligent planning and coordination of the subsequent program activities. Reference 5 summarizes some
of the results of the first year efforts.b

To promote the attainment of the flying program objectives, CAL was 3uthorized to issue subcontracts.
These subcontracts were planned and coordinated so that the work devoted to preparing a V/STOL flying
qualities specification would benefit from the experimental and analytical capability of other organiza-
tions known to have a direct interest in V/STOL. It should be mentioned tnat although the specification
work originated an part of a broad Air Force program that included the development of the variable stabi-
lity XV-4B, tl-e unfortunate loss of this aircraft eliminated the possibility of fulfilling all of the
VIFCS program objectives within the original timetables. Thus the subcontract efforts took on additional
importance as a means of acquiring relevant data and information to use in formulating a flying qualities 41;
specification.

During the cours. of the program, four organizations participated as subcontractors: United Air-
craft Research Laboratories (UARL), Systems Technology, Inc. (STI), Nortbrop-Norair, and National
Research Council of Canada (NRC). Each subcontractor was selected so that, as shown in the following
listing, V/STOL flying qualities could he systematically investigated by using different techniques and
approaches to acquire and analyze data: UARL, fixed hase simulation; STI, pilot model analyses; Norair,
moving-base simulation; NRC, flight simulation with VSS helicopter.

Efforts in 1967 and 1969 were concentrated on formulating flying qualities requirements using the
pertinent data in the literature and the data generated during the subcontracts as it became available.
This work culminated in the publication in October 1968 of the first version of a proposed V/STOL
flying qualities specification (Reference 6) along with an accompanying report containing rele.ted backup
information and data (Reference 7). Both of these documents were submitted to industry for review.
Review comments were received from eleven airframe contractors and a number of government agencies. A
thorough study of the review comnm.nts along with continued data analyses followed during much of 1969.
A revised specification was. prepared in September 1969 (Reference 8). In October 1969, Reference 6 was
jointly reviewed by representatives of the Air Force, Army, Navy and CAL. This latter review took place
in order to screen Reference 8 prior to submitting it to a second cycle of industry review. S.e
changes were recommended and these changes were incorporated into the pertinent requirement paragraphs
and resulted in the publication of Reference 9.

As a result of extensive in-house effort by AFFDL, an alternate requirement to the CAL response
matching technique for specifying dynamic stability requirements was prepared. Reference 10, termed
"Paper Pilot", describes this proposal.

A new document entitled Background Information and User Guide (BIUG) (Reference 11) was then pre-
pared and in January 1970, these two documents (Refs. 9 and 11) were distributed to industry and
Government agencies for a second review cycle.

Detailed review comments were received from 21 airframe contractors and from a number of Govern-
mental agencies and from foreign agencies. On the basis of these comments, CAL prepared some suggested
changes and in April 1970, distributed copies to potential attendees of ar Air Force-Navy-Army review
meeting. This review took place at the end of April 1970 and substantial agreement on a final version
was obtained by the Air Force, Navy and Arm representatives.

Resolution of final details continued until about 4 July 1973 when CAL published a new version. The
Air Force made some final additional changes and printed a version which was distributed for the third
and final review coordination (Reference 12). Detailed review comments were received from twenty air-
frame manufacturers. These comments were reviewed and several changes made to the specification require-
ments. Tae final version agreed to by the Air Force and Navy representatives on 11 December 1970, and
submitted ;for adoption as MIL-F-83300. During development of the specification it was intended to cover
all V/STOL aircraft, including helicopters, for the Air Force, Navy and Army. At this time the specifi-
cation has been adopted by the U.S. Air Force for all V/STOL's, including helicopters. Formal coordina-
tion is proceeding with the U.U. Navy and U.S. Ary with regard to the use of this document for heli-
copters procured by those services.

While Reference 12 was being reviewed, CAL prepared the draft of a new Background Information and
User Guide (BIUG) for the specification. The ,-urpose -f the BIUG is to document the substantiating data
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used in the specification and also provide notes and explanations which should help the user of the
specification. The final version of the BIUG (Ref. 13) was published as of March 1971.

SPECIFICATION STRUCTURE AND PHILOSOPHY

General Outline *1
The V/STOL Specification MIL-F-83300, contains six main sections: (1) Scope and Classifica-

tion, (2) Applicable Documents, (3)aquirements, (4) Quality Assurance Provisions, (5) Preparation for
Delivery, (6) Notes. As is usual with U.S. military specifications, the Index is at the end.

The bulk of the material is contained in the Requirements Section which is broken down into
eight subsections: 3.1 General requirements, 3.2 Hover and low speed, 3.3 Forward flight, 3.4 Transition,
3.5 Characteristics of the flight control system, 3.6 Takeoff, landing and ground handling, 3.7 Atmos-
pheric disturbances, 3.8 Miscellaneous requirements.

As the title implies, Section 1, Scope and Classifications, defines the scope and application
of the specification. It also defines the framework for classifying the aircraft, the mission Flight
Phases and the levels of flying qualities. This section of the specification has been used to define a
general framework which permits tailoring each requirement according to: (a) the kind of airplane
(Class), (b) the job to be done (Flight Phase), (c) how good the flying qualities m=st be to do the
required job (level). 4

Figure I shows how these considerations are related and illustrates that use of this framework
would permit stating 36 different values for a given flying qualities parameter, even after combining theJ
Flight Phases into three categories. This detailed breakdown makes the structural parallel the U. S.
military specification for conventional aircraft, MIL-F-8785B (Ref. 14), and helps the phasing into NIL-
F-8785B at V = Vcon, where Vcon is the sped at which the requirements of the conventional airplane
specification, MIL-F-8785B, begin to apply.

REQUIREMENIS

The PRequirements section cormences with a general statement. This provides a detailed explanation
of the framework used to determine the conditions at. which the requirements of the specification should
be applied. The conditions of the aircraft which have to be considered are defined, and the framework
for determining the corresponding flight conditions, primarily in terms of speed, altitude and load
factor, is explained. In addition, a detailed explanation is given for applying the concept of Leyela
of flying qualities. The stability and response requirements are critten for two flight regimes: (1)
Fixed Operating Point Flight, (2) Accelerated Flight.

Fixed Operating Point (FOP) Flight

This is the name that has been used for flight consisting of maneuvering about a constant trim
condition. For this condition, the techniques of linearized constant coefficient analysis, which have
been used for years on conventional aircraft, seem to apply. As a result, the conventional techniques of
understanding and specifying flying qualities have been extrapolated into the lower speed range.
Quantitative requirements are placed on familiar concepts such as static stability, dynamic stability,
control power, response to control inputs (sensitivity), and control lags. The requirements have to
cover all speeds from hover to Vcon. Within this speed range significant changes take place which make
it necessary to change the flying qualities requirements. The reasons can be summarized as follows:
(1) The characteristic modes of motion undergo substantial changes in form, as forward speed increases;
(2) The change from direct lift to aerodynamic lift, as forward speed increases, results in changes in
important stability derivatives, and necessitates changes in pilot control technique; (3) The rareneters,
and the specific values of those parameters, which adequately describe a level of handling qualities in
hover, are inadequate or inappropriate to assure a similar level at high forward speeds.

It would be ideal if the requirements could be made a continuous function of some parameter
such as speed. Unfortunately the existing knowledge of V/STOL flying qualities has not allowed this,
and so a two part arrangement has been chosen with the division at 35 knots. There is nothing profound
about 35 knots - it is a compromise chosen on the basis of our present understanding and includes the
following considerations: (a) There is a substantial amount of published data resulting from experi-
ments done in and around the hover condition. These experiments typically involved tasks in which the
vehicle achieved translation velocities as high as 35 knots. (b) Many aircraft begin to develop "signi-
ficant" amounts of aerodynamic lift above 35 knots, at which time there often exists a basic change in
the dynamics. For example, one usually finds that hover approximations, such as effectively decoupled
height mode, begin to break down at about 35 knots. (c) Along with the changing nature of the dynamics
there is usually a change in the piloting technique.

Hovering over a spot at any angle to a 35 knot wind is a requirement of MIL-F-83300 (and others).
Consideration was given to increasing the wind speed in which hovering capability is required. However,
it was found that the probability of encountering winds greater than 30-40 knots did not justify a change.
Certainly winds higher than 35 knots can be encountered, but it was assumed that the margin of the
Service Flight Envelope over the Operational Flight Envelope will provide Level 2 hovering capability at
speeds greater than 35 knots. Further margins may have to be demanded in special cases.

Since 35 knots is a satisfactory dividing speed from t' point of view of both aircraft dynamics
and operational considerations, it was convenient to group the requirements by speeds. If it had been
decided that hovering capability was necessary up to some significantly higher speed such as 60 knots,
then a more complex division of the dynamics and operational aspects wculd have been necessary and thereby
created the need for a much more conplicated specification structure.
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With the step change at 35 knots, considerable care has been exercised to allow the requirements
for speeds less than 35 knots to blend with the requirements for speeds greater than 35 knots, and to
blend with the requirements of MIL-F-8785B at Vcon.

Sections 3.2 and 3.3 then, provide requirements for Flight Phases which involve maneuvering
about trim speeds in the range + 35 knots and 35 knots to Vcon respectively. For example, a STOL aircraft V
required to perform its landini'approach at 60 knots would have to satisfy the requirements of 3.3 for
that flight condition. A V/STOL which has to be able to perform tasks involving flight at 25 knots has
to satisfy the requirements of 3.2 at that flight condition. An aircraft with an Operational Flight Phase
which spans 35 knots has to satisfy 3.2 and 3.3 at the appropriate flight conditions.

Accelerated Flight

When considering the flying qualities of conventional aircraft it has been possible to virtually
ignore the effects of acceleration (accelerat'on referring here to changing flight condition, particularly
speed, rather than accelerations due to maneuvering) except for a few special conditions, such as passing
through the transonic speed range. This happy circumstance is probably because the changes occur rela-
tively slowly when compared to the frequencies of the rigid body modes. The acceleration capabilities of
a V/STOL and the significant changes in dynamics and response which occur between zero speed and, say, 100
knots make it unlikely that we will be so lucky wiLh V/STOL aircraft. It is desirable that a good under-
standing of the importance and extent of the transition problem be obtained as soon as possible.

Unfortunately the dynamics involved in a rapid transition are not yet well understood. For
understanding, it is tempting to consider the dynamics of transition as though represented by a sequence
of equilibrium or fixed operating points. Figure 2 shows how the longitudinal dynamics of the aungmented
X-22A change for such a sequence of points.

Clearly the changes in dynamics are considerable, so bearing in mind that the changes can occur
in as little at 18 seconds, the question is how to interpret these changes. There is, as yet, no general
answer to this question; however, some comments can be made.

First, if one does wish to treat the accelerated flight condition as a series of "frozen points"
it is necessary to evaluate the aerodynamic characteristics for the appropriate aircraft state. An air-
craft such as the X-22A can encounter a wide range of speeds and power settings, at a given conversion
angle, depending on the rate of conversion and whether accelerating or decelerating (Reference 15). Such
changvs can have a very marked influence on the nature of the aerodynamic force and moment characteristics
and hence on the "frozen dynamics".

Second, it is simple to show (Reference 15) that representing a time-varying system as a J
sequence of time-invariant systems can give misleading information about the nature of the dynamics.
However, it is not a simple matter to put a quantitative measure on sucb effects or devise alternative
techniques which can be used to understand the dynamics of a rapid transition. A notable attempt has been
made in Reference 16 to develop such a technique, and some interesting trends are shown for simple varia-
tions of the derivatives (e.g., linearly proportional to speed). However the problem :s by no means
solved.

Now consider how this complicated dynamic situation has been accommodated in the specification.

Transition can be thought of as two basic parts:

1. Control of the speed and altitude as though the aircraft was a point mass.

2. Control of perturbations in speed, altitude and attitude from the desired values.

A knowledge of the first part can be obtained by controlling the aircraft with a very tight
feedback loop. From this can be obtained a psoudo-trim for that particular transition. When flying, the
pilot has to provide this pseudo-trim and also control the perturbations from the desired transition.

The difficulty of this task will be strongly dependent on how quickly the aircraft diverges
from the desired nominal value. This will be a function of the rate at which the out-of-trim moments
increase, and the basic dynamics of the aircraft. The difficulty of the task will also be influenced by
how much effort the pilot has to exert to keep tne aircraft within the transition corridor, i.e., within
the peimissible space of speed, conversion angle, power settings, and angle of attack. These are the
factors to which attention has been directed in the requirements. Because of the current lack of know-
ledge concerning the dynamics in transition, these have not oeen ýrescribed. If an aircraft is designed
to comply with the FOP requirements, it seems reasonable to assume that the resulting transition dynamics
will also be acceptable or at least can be made to meet the qualitative requirements without excessive
redesign. Some V/STOL aircraft (e.g., X-22A, XC-l42) have flight phases which require 70P operation at
most speeds below Vcon and as a result will have to comply with the FOP requiremnts. Other aircraft,
such as the Harrier, may have no flight phase which requires FOP flight at speeds between about 35 knots
and Vcon. Applying the FOP requirements between 35 knots and Vcon might be unduly conservative for these
aircraft and so the flight-phase flight-cnvelope structure has been arranged so that the M0P requirements
are not imposed unless the mission requires such operation. T-.s statement has to be slightly qualified
because any aborted transition is in fact required to be safe. Of course, the manufacturer may still
use the FOP requirements as a design guide, but research needs to be performed to determine whether or
not the resulting transition characteristics are adequate, ultraconservative or deficient. If they are
deficient, of course, even the vehicle which has to perform FOP flight will have unsatisfnctory tr.nsition
characteristics. This is a subject which needs systematic research.

A final point in this general discussion of transition; what is meant by "transition"?
Reference 17 defines transition as "the act of going from the powered lift regime to the aerodynamic
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flight regime and vice versa". For the purposes of applying section 3.4 of specification MIL-F-83300,

the following definition is preferred: "transition is the act of changing fro one fixed operating point

to another". This latter definition reduces, in the limit, to the case of maneuvering about trim. How-
ever, since at the present time it is not possible to specify what level of acceleration is oignificant,
it is not possible to be more definitive. Certainly consideration should not be restricted to complete
conversions/reconversions, as implied by the first definition. Also, it is desired that aircraft which
do not change configuration when they accelerate (e.g., helicopters) should also be required to satisfy
the transition requirements. This intention is accommodated more clearly by the preferred definititn
since it does not involve any extraneous concepts such as having to define the limits of the powered lift
regime.

The remaining requirements in the specification have been collected into four groups:

Characteristics of the flight control system. This Fection places requirements on
mechanical characteristics such as control force breakout and gradients, and trim characteristics.

Takeoff, landing and ground handling requirements. Apart from conveni this s*-.-
grouping does emphasize the fact that landing and takeoff are distinct flight phases, . Ghav military
aircraft can have missions other than takeoff and landing in the speed range below Vcon-

Winds and turbulence. Some requirements are written in terms of a steady wind speed, in
which case compliance with the requirement should be demonstrated in flight, in that wind condition.
Other requirements are written with reference to operation in all potential atmospheric environments. In
the future it is hoped to include a suitable turbulence model in the specification. For the present time
the turbulence model and intensity to be considered will be chosen by the procuring activity, end com-
pliance will be demonstrated by suitable analysis.

Miscellaneous requirements. Miscellaneous requiirements that are equally valid at all
speeds are collected together in the miscellaneous sections. Topics covered include: Warning and Pre-
vention of Approach to Dangerous Flight Conditions, Pilot-Induced Oscillations, Cross-Coupling Effects,
Transients Following Failures, and Control Following Thrust Loss.

THE BACKGROUND INFORMATION AND USER GUIDE (BIUG)

General Content of the BIUG

The BIUG, Reference 13, was published in support of Military Specification MIL-F-83300 "Flying
Qualities of Piloted V/STOL Aircraft" (Reference 1). The intent of the document is to explain the con-
cept and philosophy underlying the V/STOL Specification and to present some of the data and arguments
upon which the requirements were based.

The material presented in the BIUG was obtained or generated following an extensive literat-re
review and ofter many meetings and discussions with personnel from essentially all concerned civilian
and governmental organizations. A number of studies were performed to obtain supplemental, experimental
and analytical data. The results of these effcrts have been published separately in References 19, 20,
21, 22, 23, and 24.

Section II of the BIUG outlines the historical development of the specification and acknowledges
the many organizations, both industrial and governmental, that contributed comments, criticisms and
suggestions in the form of review comnents.

The philosophy and str-eoture of the specification is outlined in Section III of the BIUG. This
attempts to give the user of the specification an appreciation for the wanner in which the requirements
have been grouped; especially in dibtinguisning between the fixed operating point requirements and the
requirements for the actual transition maneuver.

Section IV presents a review of the entire V/STOL Spe.ification, in order, paragraph by para-
graph. The format used is to present the pertinent paragraph, or group of paragraphs from the Specifica-
tion, and then to follow this wirh a discussion of the requirement, a discussion of the theoretical
background and experimental data on which the v'quirement is based, Pzd a discus3ion of the possible
limitations or inadequacies of the requirement. Where a simixar requirement or desige criteria existed
before, the earlier version is mentioned to provide a basis for comparison.

PROBLEM AREAS REQUIRING ADDITIONAL RESEARCH
A considerable amount of V/STOL research work hus been done in the past 15 years; the MIL-F-83300

Srecification has been developed based on the results of these efforts. It is nonetheless safe to say
that Oiere are no topics which would not benefit from more and better data. It is hoped, and expected,
that having a specification to test againsi, the variou- test activities will utilize the specification

and publish data - thus broadening the data base. For test data to be of value in providing background
for future development of a specification, it =,st contain the following information: (1) the aircraft
stability and control parameters must be accurately identif.ed and quoted - preferably with' the records
frcm which they were extracted; (2) sufficient pilot coment data must be included to be able to
determine the answer to the question. If it met (or failed) a given requirement, was that particular
character.istic satisfactory, unsatisfactory or unimportant? The lack of well docurdented data has been
a continuing problem even where flight tests and sirlations that should have been useful have been
perforred.

The biggest single need is for some operational expe.-ience. Anslysis, flight test, and o.xtrapol-tion
from airplane and helicopler e•pexienc-c j.•s provided an initial ba.je. We need better information on the
way V/STOL capabilities c.n be used in servi-e Pnd thb- handling quality demands thet result. Examples
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are cross wind takeoff and landing, maneuvering in turbulence, thrust vector control, characteristics in
engine failure conditions, etc.

Much more consideration needs to be devoted to IFR versus VFR flight. Very little guidance is pro-
vided in the available literature regarding the problems of handling qualities under IFR conditions. |
This may be attributable to the fact that it is virtually impossible to determine the required level of

handling qualities without considering the nature of the information display provided for the pilot. In
fact, the accomplisIment of some tasks, for example IFR hover, may be lirited not by the level of flying
qualities but rather by the inadequacy of the information displayed. Considering the present rate of
development of advanced information display concepts for all flight regimes, it is difficult to establish
a philosophy to guide the formulation of IFR handling qualities requirements.

More thorough consideration of helicopters and STOL vehicles is needed. It is hoped that continued
analysis, test, and evaluation will lead tn more universal application of the requirements of MIL-F-8785B
and MTI-F-83300 to these vehicles and their continued improvement and validation.

As pointed out in Reference 29 there is still a general problem in that there is no very tangible
reward given to the contractor if he achieves a design with excellent handling qualities or achieves an
optimu• tradeoff of flight control system airframe characteristics. There is no effective penalty for
doing a poor job. bome system of incentives based on "payoff" functions related to the general require-
ments must still be foid and specifield before the designer is going to insist on more than minimums.

The current specification still essentially treats each item separately. Combinations of minimums
may well turn up poor or even unacceptable characteristics. This general problem is still with us and
without more data and experience, cannot be rectified.

Following are discussions of ceveral specific problem areas. This li-st is by no means inclusive.

Additional discussion of "~arious problem areas can be found in References 30, 31, and 32. It is
interesting to note that many of the problem arees discussed in the older references such as 32, stillremain as problems without any large improvement in the situation.

CONTROL POWER, CONTROL USAGE

Control power can be a very important design parameter. This is true in general, but can be particu-
larly critical in and around hover where all the lift is obtained from power (or thrust) and, very often,
providing control subtracts significantly from the lift available. It is, therefore, highly desirable to
provide the minimum necessary control power.

A great deal of work hns been done in investigating control power along with control sensitivity.
Control gain (sensitivity or searing) is relatively straightforward in the sense that one can be sure
that whatever is provided, was really used. Control power is a very different matter. If a level of
control power is provided and quoted in a report, one is seldom able to determine if the full available
power was ever used, and if ".ed, how often.

There is a need to increase the useful data base or control power usage. This means that data shoull
be presented in the form of probability density function plots or cumulative probability plots, and power
spectral density function plots. Sufficient information should also be given so that it is possible to
distinguish the control used for trim from the control used to maneuver and to overcome upsets.

TRANSITION FLIGHT

Mast of the quantitative research on V/STOL's to date has been done on the POP condition. The tech-
niques developed for conventional aircraft seem to apply at such conditions and so have been used as the
bas•s for flying qualities studies studies. Vithin this context a considerable amount of research has
been performed, specifications have been develo-:ed, and can be reasonably substantiated, though there
are of course still many areas where precise quantitative data need to be obtained. Unfortunately the
dyne•mics involved in a rapid transition are not yet well understood. Obviously transitions can be flown,
investigated or simulated and the pilot will know ".hether or not that particular maneuver or aircraft is
satisfactory, acceptable or unacceptable. Unfoit,-ately, without better understanding of the dynamics
of transition, neither the pilot that fl•w t~c aircraft, nor the engineer who analyzed the results -dill
be able to define mathematically what the characteristics were. Without such a definition the informa-
tion cannot be applied to future aircraft, nor can flying qualities criteria be established.

HEIGHT CONTROL IN HOVER

There is a need to improve the precision with which VTOL aircraft can be hovered. Ideally a height
control requirement would include the combined effects of T/W, engine thrust response, height damping (Z,)
and perhaps even the pitch and roll dynamics. This is certainly not possible at present, in fact, there
are detailed questions about the current data base for even interpreting T/W = Zw boundaries. The problem
hinges around the difference between natural or aerodynamic height damping, and height damping achieved
by feedback tz the thrust controls. The present specification accounts for the tendency of minimum T/W
required to increase at low damping levels by requiring the capability to develop certain levels of
incremental vertical acceleration -from a 4 ft/sec rate af descent. As is pointed out in the BIUG this
phrasing of the requairement has brought out the fact that there is a difference between artificial end
inherent damping, since higher minimum T/W is required for compliance when damping is provided by
augmentation. One would expect that from a piloting standpoint, it would be immaterial whether damping
is inherent or artificial. Previous simulation testing and analysis provides little guidance since no
distinction was made.

Another problem whibh has been virtually ignored in the literature to date is the time duration that
vertical thrust increments are required for representative maneuvering situations. For example, some VTOL's
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- may be capable of achieving the required acceleration levels instantaneously by trading off stored
kinetic energy in the propulsion system for vertical thrust. However, sustained thrust increments may
be impossible because of the attendant deceleration of the propulsion system. This aspect of the problem
should be addressed in future simulation efforts by including representative dynamic characteristics of
VTOL vertical thrust system.

LATERAL-DIRECTIONAL PROBLEMS

Several of the forward flight lateral-directional requirements in MIL-F-83300 are STOL and conven-
tional flight oriented. For example, requirements 3.3.8, Roll-sideslip coupling, were derived empirically
from test data generated from aircraft having conventional modal characteristics. These requirements,
which are stated in terms of parameters such as 0OSC/0AV and At/$l, are all based oa. an underlying theme,
which, briefly stated, is that in lateral-directional maneuvering roll control inputs are "primary" and
that assc-ciated sideslip excursions are for the most part unwanted effects that can require complicated
and objectionable rudder coordination in order to be suppressed. At higher speeds there is substance to
this theme in the way of experimental f.light test data. At lower speeds, the development of large side-
slip angles during maneuvering does not appear to be as objectionable. Large sideslip motions are common
at hover. Thus, somewhere between Vcon and hover, the role played by sideslip excursions as a flying
qualities consideration changes and perhaps the requirements should be phased accordiagly.

The lateral-directional stability requirements in NIL-F-83300 were formulated using a data base that
reflected low values of Dutch roll frequency but there is :;,need to obtain data for very low frequencies.
In addition, the data base for the NIL-F-83300 stability requirements reflected neutral spiral stability
and a well damped roll mode. Data on more stable spirals along with less damped roll modes is needed.
Finally, there is a general need for data on configtrations having stability augmentation systems tith
roll attitude feedback, heading hold and rate command control loops. Control mechaitzations such as these
are not represented in the data used to formulate MIL-F-83300 requirements.

DYNAMIC STABILITY - FIXED OPERATING POINT FLIGHT

The flying qualities literature gradually expanded from Control Power versus Rate Damping studies to

more realistic models including the effects of derivatives such as Me, Mu, and Xu (and their equivalent
in the lateral-directional plane). Such models have been investigated on fixed base simulators and
moving base simulators and have also included the effects of wind, turbulence, and control system lags.

Attempts at correlating the results of these studies with parameters that can be used as flying quali-
ties criteria have used techniques based on: (1) location, in the s-plane, of the roots of the system's
characteristic equation; (2) on matching the time history of the response to a specified input; (3) by
minimizing a performance index made up of parameters in an assumed form of loop closure around the model.
Because they were still novel, methods (2) and (3) were set aside for further development and method (1)
was adopted in the current version of MIL-F-83300.

It is realized that methods (2) and (3) offer advantages which should be exploited as soon as possible.
These advantages include the ability to include the effects of control system dynamics along with the
charauteristic responses, and also the ability to be generalized to cover higher order systems.

In addition to the problem of obtaining correlation of the experimental data with a suitable flying
qualities criteria, there is a nedd to verify that the experimental models contain all the important
effects. Clearly a linearized constant coetficient model of a hovering VTOL is nrt exact, but it has
been used on the assumption that it contains all the important features ; a truly representative model is

too caoplex to study in a generalized sense so has to be simplified to its essential features (though
as complete a model as possible can always be used during design and evaluation of a specific design, it
is difficult to apply the results of such a study to other confligurations). An important area for research
then, is to determine if the simple models on which. criteria are being based really do direct attention to
all the characteristics which need to be specified.

'The Forward Fight section (3.3) of MIL-F-83300 addresses the "short-term response of angle of attack
following an abrupt pitch control input". In the limit this will be the short period mode. The phugoid
is covered by a blanket requirement on "all roots of the characteristic equation". It is expected that
such statements are sufficiently general. However, there is a need to study all the aspects of longitu-
dinal dynamics, and equilibrium. for the special conditions of STOL's.

Considerable effort should be spent on developing mathematical models which contain all the essential
features of STOL aircraft currently being considered in preliminary design studies. Experimental investi-
gations should then be performed to determine how the short term response dynamics and equilibrium char-
acteristics (in terms of stick force and position gradients) interact with the multiplicity of factors
involved and techniques such as closed loop analysis using pilot models may be useful in deriving better
understanding. It may also be useful to try techniques such as response matching and minimizing the
performance index, mentioned ia the Hover and Low Speed discussion.

EQUI'ITBRIUM CHARACTERISTICS

Longitudinal equilibrium requirements are presently specifie$ in terms of the pitch control force and
displacement gradients with speed. Both stick force and position are required to be stable for Level 1
and for Level 2, IFR. For Level 2, VFR and for Level 3 a small unstable position gradient is allowed.
These requirements are a constant source of contention between the military and the aircraft manufacturers.
Demar ting sti~k force and position stability throughout the speed range 0 to Vcon will frequently necessi-
tate a complicated control system with a series actuator. There is presently a scant data to substantiate
the requirements, though qualitatively, most authorities will agree that they are desirable.
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WIND AND TURBULENCE

Unlike MIY-F-8783 the V/STOL Specification MIL-F-83300 does not define the turbulence model which
should be used in investigating the requirements. Many investigations have demonstrated that wind and
turbulence is an essential ingredient of valid flying qualities simulator studies. The effects of
discrete turbulence on V/STOL aircraft near the ground are especially important. During the last few

years much work has been devoted to developing new and better turbulence models and incorporating these
into simulator studies. It is essential that improved models be developed and applied to appropriate
requirements.

CONTROLLERS

The control force and sensitivity limits are written for conventional stick (or wheel) and rudder
pedals. _liey would be inappropriate for a side arm controller. The side arm controller 4ay find its way
into many types of aircraft. The Huey Cobra (AH-IG) already utilizes such a system for the front (gunner's)
seat. There is a need therefore to develop suitable criteria for such controllers.

AUGMENTATIOI: SYSTEMS

Augmentation systems of the complexity up to attitude systems have been considered in section 3.2 but
there are no provisions to cover such systems as the velocity command system devewoped by MIT. In
addition, aircraft having a significant degree of attitude augmentation may not be covered by the require-
ments of section 3.3 as they are written. This is particularly true in the case of lateral-directional
augmentation, where heading hold or turn rate systems miy or may not meet the requirements. In the longi-
tudinal plane, velocity cormand systems are not covered.

CONFIGURATIONS OTHER THAN TILT TO TRANSLATE

The investigations into dynamic stability and control have been made for types of configurations
which have to tilt to translate. It is not possible to say how applicable these would be for a type of
configuration which had direct control of forces and used thrust vectoring (independently of attitude) for
translation. There is an obvious advantage to designing an aircraft which does not have to tilt to
translate/ the attitude can remain about constant and hence large attitudes can be avoided. This could
be particularly advantageous in the terminal flight phases where large attitudes interfere with the field
of view. The dynamics which would be desirable for such an aircraft will no doubt be different from the
type studied to data. Hence, if preliminary design studies show such an arrangement to be feasible or
desirable, then efforts should be made to cover them in the requirements.

RESEARCH PROGRAMS

To attack all of the above problems and the many others that need work to be performed, would involve
a very large program and correspondingly, very large resources. Furthermore, many of these problems are
not amenable to quick solution by mere application of manpower.

The U.S. Air Force has a three year program presently underway to refine and substantiate the
requirements of MIL-F-83300. One phase of that program will be an investigation of attitude, speed and
flight path control in the Forward Flight region during landing approaches, using both ground based
simulation and in-flight simulation. A second phase will bc a look at requirements on control lags,
control mechanization and control power in the Hover and Low Speed region using fixed and moving base simu-
lation. This program will involve in-house efforts within the Air Force Flight Dynamics Laboratory. Sub-
contracts with National Research Council of Canada and United Aircraft Research Laboratories are planned.
In addition to this program there is a program to use the variable stability X-22A for various investi-
gations. One of these investigations concerns the longitudinal dynamic response requirements in Forwara
Flight regions of MIL-F-83300. The X-22 programs are jointly sponsored by the U.S. Navy, U.S. Air Force,
and NASA und!.r the guidance of a steering committee and are performed by Cornell Aeronautical Laboratory.

Extensive in-house and contract work on further improvement and validation of MIL-F-8785, the handling
qualities criteria document for more conventional regimes of flight, is continuing. This work, although
not directly applicable to speeds below Vcon, may be relevant to a degree and of course directly affects
V/STOL vehicle design above Vcon.

Some effort is being directed at the very large problem area of turbulence models and turbulence
effects on aircraft. Contr-actors who have been or are at present involved in such work include University
of Washington, University of Toronto, Nortsirop, and Princeton. Much more effort is required before this
aspect of the problem can be properly treated.

The U.S. Air Force has a large integrated program underway concerned with the techuology of STOL
vehicles. It is expected that a number of the Cesign study efforts to be performed will add considerably
to the data base. Similarly, the large NASA program on STOL vehicles being established, should be very

* helpfal. Results from Harrier tests and operational type use would also be of great value as they become
available.

Work is continuing on pilot vehicle analysis for application to V/STOL handling qualities. In-house
efforts of AFFDL on "Paper Pilot" are continuing (see paper by Anderson in this volume). Additional work
is being performed by Systems Tecinology, Inc. (STI) under contract. A very ambitious analytical effort
has been recently completed by STI for NASA, Reference 33. This effort involves prediction of pilot
ratings for the complete multi-axis pilot .-ehicle system including displays. Other work by Bolt Ber.nek
and Newman (BBN) has been completed or is underway in tnis area (Reference 34). Additional recent efforts
on pilot-display research are discussed in References 35 and 36.

Even though we have reached a milestone in development of V/STOL criteria, we intend to contirue our
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efforts c% about the snme high level to further %, elup and refine the criteria. We w.ll resist the
temptatic.1 to 'elax in our efforts now that a ze--. Ia le set of criteria has been attained. It Is to be
eexpected, however, that our effortn for the next year or so Vili be directed at analyz.nfI the basin of
critical requirements and at irpro'ying the date base, before another atti.,@t is made to generate n largetScile change in the criteria.
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LEAD DISCUSSION

by
D.G. GoW-d

N4ational Aeronautical Establishment
Ottawa, Ontario, Canada

I think there will be general agreement among us that Messieurs Chalk and Westbrook deserve congrat-
ulations for having successfully produced a 7/STOL flying qualities specification, MIL-F-83300, that has
been accepted by the U.S. Air Force and I understand is likely to be accepted by the U.S. Navy and Army.
A number of years ago I was a member of a cormittee of four that was commissioned by the Flight Mechanics
Panel to produce a set of V/STOL flying qualities criteria for AGARD which became AGARD report 4o8. It
was an interesting and most enjoyable task until we were suddenly faced with comments on the report fror
various agencies and industries following a meeting held for that purpose in Greece. The comn-ents and
ideas received were sufficiently diverse and conflicting that an easy way out was chosen. The solicited
comments were all bundled together to form an appendix to AGARD 408 and republished as AGARD 408A, which
fortunately one seldom sees in references. The authors of MIL-F-83300 were much more bold. Proposed
specifications were submitted for review three times to interested agencies and industries and revised
accordingly before the final document was submitted for approval to the U.S. Air Force. I think then that
we are able to assume that the final version reflects the currpnt view on V/STOL flying qualities of U.S.
industries and government agencies concerned with aviation, at least as far as there is a consensus. For
this valuable document we are indebted to the authors of this afternoon's paper.

I believe that they should be further commended for an innovation that was introduced along with
MIL-F-83300 and MIL-F-8785. I am referring to the document titled Background Information and User Guide
which reached its final revised version shortly after that of th. Vi/STOL Flying Qualities Specificatiors.
This report includes substantiating data used in formulating the specifications and as such collects to-
gether meaningful data and analysis. It is also an indication of the thorough manner in which the speci-
fication task was performed.

This afternoon's paper considered a number of problen areas where additional research effort or ex- I
perience is needed to improve upon the specifications. I would like to make some comments on the particular
area dealing with systems commonly referred to as attitude command and velocity command systems, the latter
similar to that proposed by M.I.T. My concern is not that of being able to define better response criteria
but rather that most stuch systems do not provide the pilot with useful, and in my opinion often essential
information, regarding the amount of moment control about all three axes that has been used to trim and
manoeuvre, or perhaps more to the point, how much moment control is still available after trimming and
manoeuvring. It is certainly such information that allows the pilot to exploit the full potential of his
aircraft when necessary. It can enhance safety considerably in that the pilot is able to make a better
estimate of the control nArgin he needs to keep in hand for the pa.rticular circumstances of the moment. .

In systems where cockpit control position is approximately linearly related to moment about the three
axes the pilot is at all times aware of the control moment that is still available. Such is the case when
the cockpit control is linearly connected either mechanically or hydraulically with control surfaces, cyclic
pitch or other device producing the moment. An example of a system used in the Dast where this correspon-
dence did not necessarily occur is the servo-tab type control. It has been necessary to tak- pnrticular
care in the desig of servo-tab elevator controls where trim was achieved through incidence changes of the
horizontal stabilizer to ensure that the cockpit control position reflected with reasonable accuracy the
control margin available under different trim conditions.

In the case of utability augmentation systems where control surfaces or other moment producing devices
move without corresponding movement of the cockpit control, the problem seexs to have been adequately allowed
for by spemifwing a uimit to the authority of the system. Our present experience is nearly all related to
systems which only augment an~ular damping derivatives and I'm not sure whether present specificatiorns are

sufficient for augmentation of some of the static derivat.ves.

In the case of attitude co:zand systems and perhaps even more so with velocity command system-, cock-
pit control position is not related to the awunt of moment control used in a manner that is interpretable
by the pilot. I believe that the possible implica:ions of this in these systems are such that considerable
work is necessary before any attempt can bo nade to arrive at ufficient specifications.
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OPEN DISCUSSION

R.S. Sliff, FAA, USA

Loes the militnry specification 83300 consider comminity noise and any related operational problems?

C.B. Westbrook, AFFDL, USA

This aspect is not presently included into consideration when defining the requirements of MIL-F-83300.

D. McGregor, NRC/NAE, Canada

Do you see very significant differences betweea the military specification and the AGARD Handling
Qualities Criteria that will be difficult to resolve so that: both can reflect the same point of view?

C.B. tiestbrook, AFFDLf, USA

The military are customers as well as authors of the requirements and as a reeult we have the
responsibility and authority to set the requirements we ueed. We did use inputs from the various NASA
organizations to arrive at some of the requirements of }IL-F-83300. Dick Wasicko did coordinate some of
this effort, We have been and will continue to evaluate the requirements of AGAP.D 577. Many of the
requirements and criteria evolved out of the same data base and so have commonality to start with. I
agree with you that AGARD 577 and MIL-F-83300 should come together at some point. However, AGARD 577
is not a specification buz a document which presents criteria.

S.B. Anderson, NASA Ames, USA

it should be recognized that we trIed to put out criteria instead of specifications and in this
sense MIL-F-83300 and AGARD 577 are different.

I think there ia room for closer collaboration in the work that Mr. Westbrook is undertaking in
the future program. I hope we can work together a little more closely end make sure that there aren't
so many differences.

E

NI
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APPLICATION OF v/STOL HANDLING QUALITIES CRITERIA
TO THE CL-84 AIRCRAFT

by

0. E. MichaelsenI
ýanadair L-td.

Montreal, Canada



SUMMARY

This presentation reviews the design concepts
and flight characteristics of the Canadair CL-84
tilt wing V/STOL aircraft as related to handling
qualities and compares the achieved characteris-
tics with the revised AGARD V/STOL Handling Qua-
lities Criteria.

It is shown that the CL-84 characteristics
are in general accord with the Criteria. While a
few of the Criteria -values appear inappropriate
for the CL-84, it is concluded that the handling
qualities of the aircraft would be improved if the
aircraft met most of the Criteria in the areas
where it presently falls short.



INTRODUCTION

Canadair Ltd., a wholly-owned subsidiary of General Dynamics Corporation, has been
engaged in V/STOL research and development continuously throughout the past 15 years,
with s,.pport from the CanaJian Government. Almost from the outset, this effort was con-
centrated on the flapped, tilt wing concept and has, up to the present time, materialised
in the design, development and flight testing of the CL-84 prototype and the CL-84-1
evaliatio.1 aircraft (Fig. 1).

Ica

Fig. 1

It was evident at an early stage that the solutions to the problems of flight me-
chanics associated with the flapped, tilt wing concept in the V/STOL flight regime were
not readily available. Thus, considerable effort has been expended in the past years at
Canadair on the development of analytical methods, experimental techniques and control
system concepts. Methods for predicting the aerodynamic characteristics were developed,
and several thousand hours of powered model testing of flapped, tilt wing configurations
have been completed in several wind tunnels and on the Canadair mobile rig. Control
system designs, ranging from purely mechanical to '?fly-by-wire" concepts, were investi-
gated. It became increasingly evident from the aerodynamic studies that extensive control
mixing and programming would be required, and that it would be necessary to evaluate the
complete closed loop system comprising the characteristics of the flight sensor system,
the human op.erator, the control system, including stability augmentation systems, and the
uncontrolled airframe in order to obtain a valid assessment of the stability, control and
handling qualities of an aircraft of this type. The degree of complexity involved in this
closed loop assessment was judged to virtually exclude purely analytical means, and fixed
base simulation was chosen as the most suitable method for solution of the problem. The
Canadair fixed base simulation was supplementct. by several programs undertaken by the
N.A.E. Flight Research Section on their airbort.e simulator. References 1 and 2, and
associated references, deal in detail with the early development of the flying qualities
of the CL-84 prototype.

Flight test development of the prototype commenced following the first flight in May,
1965, and continued until the aircraft crashed in conventional flight in September, 1967.
Although the exact cause of the ac,.ident could never be proven, ýhe available evidence
pointed firmly to a jam in the right qide of the main propeller control system. An ex-
tensive accident investigation revealed several areas where design improvements, as re-
lated to reliability and mrintainability, could be achieved, especially in the propeller
control system. These improvements were incorporated in the CL-84-1 evaluation aircraft.
Original plans called for the construction and flight development of three aircraft for
evaluation by the Canadian Armed Forces (Reference 3). However, following flight of the
first CL-84-1 in February, 1970, schedule delays and cost restrictions resulted in con-
traction of the program to the development of one aircraft by Canadair. It is the opinion
not only of the Company, but of several visiting pilots, that the aircraft has proven it-
self worthy during the past six months and will be ready for evaluation at the end of the
present Company program. It is hoped that the Canadian Government will decide to proceed
with the evaluation program next spring.

It is appropriate that the applicability of V/STOL Handling Qualities Criteria to the
CL-84 snould be a subject at this Specialist Meeting. Throughout the development of the
CL-84, the V/STOL handling qualities of the aircraft have received prime attention by the
Company, and in the author's opinion, with reasonably gratifying results. While it must
be admitted that there is considerable room for further development and improvements of
the handling qualities of the aircraft, the greater desire expressed by most pilots for
improvements in the conventional flight regime rather than in the V/STOL regime is perhaps
testimony to the Company's attention to V/STOL handling qualities.

It is the objectives of this presentation to review the design concepts and charac-
teristics of the CL-84 as related to V/STOL handling qualities, to compare the achieved
characteristics w'ith the revised AGARD criteria as given in Reference 4, and finally to
assess the applicability of the criteria to the CL-,4 aircraft..

- .. '---
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DlYSCRIPTIN OF THE CL-84-1

General

The CL-84-1 is a twin engined turboprop, tilt wing V/STOL aircraft with a dcsign
weight of 11,400 lbs. at a limit load factor of 4. Ultra-short take-off and landing per-
formance can be achieved at weights up to 14,700 lbs. While designed primarily as a
light transport, the capabilities uf the aircraft make it useful for many other roles
such as search and rescue, and ground support. The short span wing is essentially fully
immersed in the slipstream from the 14 ft. diameter main propellers and can be tilted at
any angle Orom 20 to 1020 relative to the fuselage datum. The muscle of the wing tilt
system is a single ball-screw actuator driven by two hydraulic motors from independent
hydraulic supplies. The hydraulic motors are controlled by two independent electric ac-
tuators signalled from a two-way'on-off switch on the pilot's power lever. The wing tilt
motion actuates the full-span leading and trailing edge flap systems, which increase the
lift capability of the wing at intermediate tilt angles, and the trim and control system
gains of most of the aerodynamic trim and control surfaces.

The twv Curtiss Wright four-bladed, fiberglass main propellers rotate in opposite
directions and are interconnected mechanically by a cross-shaft mounted in the wing, and
driven by two 1500 S.H.P. Lycoming T-53 free turbine engines through gearboxes. Over-
running clutches between the engines and the propeller gear boxes permit operation of the
main power train and assures thr" st symmetry in the event of one engine failure. A
T-gearbox at the centre of the c oss-shaft drives the dual two-bladed counter-rotating
tail propeller via a tailshaft. The main function of the tail propeller is to provide
aircraft pitch trim and control in V/STOL flights but the tail propeller also contributes
significantly to the total lift in hover and low speed flight. A clutch, brake and
aligner, operated by a cockpit master switch for conversion from V/STOL flight to conven-
tional flight, permits stopping and alignment of the tail propeller blades in the minimum
drag configuration for flight in the conventional regime, i.e. with the wing locked down.
Thus, with the exception of the interconnected propellers. the aircraft operates as a
conventional turboprop aircraft in the conventional flight regime.

The tail surfaces consist of a large horizontal tailplane with a part-span elevator
mounted low on the aft fusn.age; a central vertical fin with a rudder; and vertical fin
surfaces end-plating the horizontal tailplane.

The long-stroke, tri-cycle landing gear is retractable and permits operation from
unprepared fields.

Reference 5 gives a detailed account of the reasons for the selection of the CL-84

aerodynamic configuration.

Plight Control System

The flight control system of any V/STOL aircraft has a profound influence on the
V/STOL handling qualities of the aircraft. This is particularly the case for the tilt
wing concept where wany of the aerodynamic surfaces provided for flight in the conven-
tional flight regime are used for trim and control in the V/STOL regime.

The CL-84 cockpit has side-by-side seating with the pilot seated on the left. The
flight controls are fully dualized, but a co-pilot is not required for operation of the
aircraft. The cockpit flight controls are conventional both in configuration and in
operation; longitudinal stick controls pitch, lateral stick controls roll and the rudder
pedals controls yaw in all regimes of flight (See Fig. 2). Height, or thrust control is
obtained by fore-aft movement of a power lever to the left of the pilot. A hand-and-arm
rest is provided to aid precise height control in hover and low speed flight. All the
cockpit flight controls are powered by servo actuators placed under the cockpit floor to
ensure light feel forces and to prevent force feed-back from operation of the control
and stability augmentation systems. Thus, the feel forces are entirely artificial. At
present, a "two-feel" system is used which changes the light, constant. force gradients
used for V/STOL operation to higher, constant values for conventional flight when the
conversion master switch is operated. The trim actbitors are connected between the cock-
pit controls and the cockpit servo actuators, i.e. trim is obtained by re-positioning the
main control surfaces in rclation to a fixed cockpit control position.

The control system control runs consist of push-pull rods, bell-cranks .Nnd levers.
In addition, for all the controls in the wing and nacelles, transfer mechanisms mounted
close to the wing tilt axis permit the transfer of control motions from the fuselage to
the wing at any tilt angle. Close tolerance, low friction bearings are used in all joints
in the CL-84-1 so that, unlike the CL-84 prototype, no pre-loads are required in the
control systems.

7he "brain" of the V/STOL control system consists of a control mixing and programming
unit mounted in the fuselage immediately behind the wing tilt axis. This "mixing box"
contains programming cams and mechanisms, summing mechanisms and the stability augmenta-
tion system actuators. The programming devices are actuated mechanically by the wing
rotation. The S.A.S. inputs are summed with the cockpit control inputs upstream of the
programming and mixing units.

The longitudinal pitch control circuit connects the longitudinal stick directly to
the elevator. The input from the longitudinal stick and the pitch S.A.S. actuators to
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the tail gropeller is programmed in the mixing box such that the gain varies from a maxi-
mum at 65 wing tilt to zero at 00 wing tilt. Thus, the pitch S.A.S. authority is auto-
matically phased out for conventional flight. In addition to the control authority pro-
gram, the tail propeller mixing box cam also provides a trim program with wing tilt such
that the aircraft pitch trim remains essentially constant throughout transition from hover
to conventional flight without any pilot trim input. A servo actuator at the tail propel-
ler ensures low control circuit loads for normal operation. The required tail propeller
pitch trim authority with wing tilt is minimized by programming both the full-span, single
slotted trailing edge flaps and the horizontal tailplane with wing tilt angle. The wing
tilt input is the only control input to the collective flap system and the tailplane so
that neither collective flap deflections nor tailplane deflections are used in conven-tional flight. Both systems are redundantly powered by hydraulic servo actuators.

The roll control circuit connects the lateral stick to the main propeller blade angle
controls and the trailing edge flap surfaces, which serve as ailerons as well as flaps.
The lateral stick input to the mixing box, which is summed with the roll S.A.S. actuator
output, gives one input to the differential flap/aileron circuit and another to the dif-
ferential main propeller blade angle circuit. The gain of this input to each circuit is
programmed with wing tilt angle by individual cams such that the moment reactions from
differential flap/aileron deflections and differential blade angle deflections add about
the aircraft roll axis and approximately cancel each other about the yaw axis at all wing
tilt angles. The differential flap/aileron output from the mixing box is summed mecha-
nically with the collective flap signal for each side of the wing by a mechanism mounted
on the rear wing spar as shown in Fig. 2. (Note that the right flap/aileron control run
and actuator has been deleted from this figure.) Similarly, the differential blade angle
output from the mixing box is summed with the collective blade angle for each side by a
summing mechanism mounted on the rear wing spar inboard of the right side nacelle. (Note
that neither the differential blade angle output lever from the mixing box nor the control
run to the summing mechanism are shown in Fig. 2.) The roll control power is essentially
obtained from the differential thrust of the main propellers in hover and entirely from
the flap/ailerons in conventional flight. The roll S.A.S. authority to the flap/ailerons
in conventional flight can be retained at the option of the pilot.

WING-TILT CONTROLLE HYDIAUJLIC ACIUATO

WNNG-TILTN C N C

COIO IING U £FROaM E~NG INE

i ""-CONDTIN LEVlERS

WiNG-TIT ACTUATOR CONTROL MECtAANIS

SP""EIED SET INPUT FDOM COCKPIT

CO•'NlTROL MIXNG & PRGRMIO NG UNIT

ENGINE CONTROL LEME

FLAP Pi.ON ACTUATR CONTiOLLgh C Y WING Tr LTs

:• Fig. 2 CL-84-1 Flight Controls



The yaw cont.-ol circuIt is conceptually tnt same as the roll circuit wit!t the excep-
tion that the rudder pedals are directly coriected tO the rudder. In this case, i•he
p'ogramming cams are such that mhe moment reac-ions from the differentivl flap/aileron
deflectiorns and differentia] blade angle deflections add about the yaw axis and cancel
about 'he roll axis. The summing mechanisms for -he lateral stick and rudder pedal inputs
to the differential flap/4leron circuit, and for ihe differential blade angle circuit,
are located in the mixing box. The yaw control pot:sr is essentially obtained from the
flap/ailerons in hover n.xd entirely from the rudder in conventional flight. Thu3, the
yaw S.A.S. authority is aucomatically phased out for conventional flight.

1he S.A.S. system consists of attitude stabilization and rate damping 4.n pitch,
roll rate damping, and rate damping with control anIguentation in yaw. The pitch rate
gyros and actuators are duplicated. The yaw control augmei.ation system counteracts the
rate damping when the rudder nedals are displaced. All systems are self-monitored and
self-centering following malfunctioning or failure.

The height, or thrust-power control system is in principle a conventional turboprop-
direct power control-constant propeller speed governing system with propeller b]ade angle
scheduling added. In normal operation, the tuo engine condition levers are ganged to the
cockpit power lever so that the singlc power lever controls the power of both engines.
In addition to the direct control runs to each engLne, the sum of the condition lever
motions gives a collective blade input to the tvo propellers. The gain of this input
with power lever travel is shaped by a cam in the propeller scheduling and summing mecha-
nism such that the power change required due to the collective propeller blade angle
change is essentially equal to the change in power available from the engines when the
airc" operates at lrw speed. In order to prevent gross over-scheduling with increa-
sing ance ratio, the scheduler cam is rotated by the motion of the constant speed
gove-ior actuator such that the overall gain from the scheduler is reduced with increa-
sing advance ratio. Thus, for rapid power lever motions at constant airspeed, the system
operates essentially as a direct blade angle control system with the propeller governor
trimming the blade angles to exactly match the power available, while for changes in air-
speed or selected propeller r.p.m., the governor syqtem alone provides the changes re-
quired in blade angle.

The propeller governor system consists of a normal and an independent stand-by sys-
tem %ith various underspeed, overspeed and switch-over devices.

The main propeller blades are operated by dualized pitch control units powered by
redundant self-contained hydraulic suppliec.

While it must be admitted that the CL-84-1 flight control system is not a simple
system, the overall performance of the system to date has been good in all respects.
Some development is presently needed in the flap/aileron circuit, notably for conventional
flight, and compensation for the effects of structural deflections on the propeller
control circuits may also prove desirable in the future.
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_ CL-84 FLIGHT TEST EXPERIENCE

CL-84 Prototype

In the course of a two and a half year flight test program from 1965 to 1967, the
prototype aircraft was evaluated by sixteen pilots and accumulated the following:-

405 total operating hours
* 145 logged flight hours

S305 total flights
* 346 VTOL sorties

109 STOL sorties
151 transitions

Some highlights of these operations are:-

VTOL operation in gusts to 35 knots
Wo'Ildts first live simulated hover rescues by V/STOL
aircraft over land and water
* STOL operation without wing angle restriction
Conventional flight envelope to 300 knots and 3.0 g

Successful evaluations of the prototype aircraft were conducted by NASA and a U.S.
Tri-Service V/STOL test team that included representation from the Navy, Air Force, Army
and Marine Corps. It was also flown by RAP and Canadian Forces pilots. The following
are abstracts from the official reports of the evaluations:-

a) NASA-TM X-1914

"In general, based on the limited evaluation performed, most of the flying

qualities in the hover, transition, and cruise modes of flight were considered
"• ~good".

b) USAAVLABS Technical Report 67-84 on Tri-Service EvaluatJion

"The tilt wing concept as exemplified by the CL-84 was considered to be suitable
for search and rescue, surveillance, light transport and general utility mission
applications. The aixcraft was mechanically simple, generally easy to maintain,
and easy to fly ... the deficiencies neted were not considered to be conceptual
and were of a nature which can be corrected by hardware redesign within the
state-of-the-art".

CL-84-1

To date (Se;'tember 20, 1971), the following flight test experience has been accumu-
lated on the CL-84.-l:

166 total operating hours
6C logged flight hours
9e total flights
74 VTOL sorties
70 STOL sorties
52 transitions

Iighlights of these operations are:

Conventional flight envelope:
3.65 g at 170 knots EAS
2.15 g at 300 knots EAS

V/STOL flight envelope:
3.20 g at 130 knots EAS
1.8 g at 60 knots EAS

Operations off-base at Nicollet range;tlp to 3 flights per day
Minigun firing on targets at speeds of 0, 40, 100 and 200 knots
STOL and conventional flight operation with external tanks
including tank dropping.

Preliminary flight evaluations of the CL-84-1 have been completed by pilots fro;m the
Canadian Forces, Royal Aircraft Establishment and the U.S. Navy. These pilots were una-
nimous in rating the handling qualities in hover and low speed as excellent, aithough
some problems in conventional flight were noted.

LE
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COMPARISON OF CL-84 CHARACTERISTICS WITH AGARD CRITERIA

The design of the CL-84 prototype aircraft was originally guided by the Recommenda-
tions of AGARD Report No. 408. As the results of analysis and simulation studies became
available, the design was increasingly influenced by these results rather than by the
Recommendations, as might be expected. This is not to say that most of the findings
disagreed with the Recommendations. However, Canadairts interpretation of the Recommenda-
tions at that time might have led the CL-84 program into difficulties if the Company had
blindly considered the minimum requirements of the Recommendations as all that had to be
met. A case in point is pitch control power and damping in hover and low speed flight.
If the CL-84 had been designed to the minimum values given in the Recommendations, the
aircraft would probably have crashed early in the flight test program during decelera-
ting maneuvers near hover. The lesson to be learned from this is that no recommendations,
requirements or specifications on flying qualities will ever excuse the aircraft designers
from doing their homework properly.

In comparing the CL-84 V/STOL handling characteristics with the Criteria of AGARD
Report No. 577, it was found impractical, even if it had been possible, to provide direct
evidence from flight test records of all the characteristics of the CL-84. Therefore,
emphasis has been placed on deriving the appropriate values for the CL-84 corresponding
to the values in the tables presented in AGARD 577. All the values quoted were obtained
either from analysis of flight test data, or where appropriate, from ground tests. Where
values either vary, or are unknown, or where the data was obtained from a test condition
which was not entirely appropriate, comments are included below the tables in an attempt
to indicate whether or not the CL-84 meets the intent of the Criteria. Most of the datais derived from the CL-84-l, but in some cases CL-84 prototype data has been used. For

the convenience of the reader, the section nubers, titles, table numbers and figure
numbers of AGARD 577 have been used throughout. Where flight test time histories have
been substituted in lieu of, or in addition to tables, the figure number(s) used is that
of the appropriate table.

Section 1 CHARACTERISTICS OF THE CONTROL SYSTEMS

1.2 Control Breakout Forces

V/STOL Control Breakout Criteria: Acceleration System

Control Normal, After failure of Normal, After worst single
Axis lb. power control failure of power

system, lb. control system, lb.

Pitch 0.5-1.5 5 J-1.25
Variable, but

Roll 0.5-1.5 4 1-1,25 probahly within
criteria 5

Yaw 1 -1.0 15 6-6.5

height:
Collective 1 - 3 5 Does not apply.

L.Throttle 1 - 3 3 3-5 No change.

Table 1.1

After failure of the power control system (single failure), there is no significant
increase in the breakout force other than that due to a small additional circuit friction
which is variable with wing tilt angle, While not measured in any axis, pilot comments
indicate that the values are probably within the criteria throughout the flight envelope.
However, due to the valve travel in the inoperative cockpit actuator, there is a lost
motion of approximately ± ý inch at the pilot's control. In addition, spurious feed-back
loads from the elevator to the longitudinal stick occur in hover, particularly in groundI effect.

1.3 Control Force Gradients

The gradients after a single power control bysten failure have not been measured.
However, excluding the effect of the elevator feed-back load in pitch, the gradients
should not be changed significantly from those for normal operation in hover. In the
STOL regime, the roll gradient remains the same as in hover, while the elevator and rudder
hinge moments increase the longitudinal stick and rudder pedal gradients, respectively,
with airspeed. While the pitch gradient may exceed 10 lb./in. for speeds above 100 knots,
the yaw gradient is certainly well within the upper limit of the criterion throughout the
V/STOL flight regime.
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V/STOL Control Force Gradients:
Acceleration System

AGARD Criteria CL-84-1
Control
Axis VTOL STOL V/STOL

lb/in lb/in lb/in

Pitch 1 - 2.5 2 - 5 2.0

Roll .5 - 1.25 1 - 3 2.0

Yaw 2.5 - 10 7 01- 35 5.0

Tables 1.2 arid 1.3

The values shown apply to normal operation only.

V/STOL Control Force Harmony Ratio

AGARD Criteria CL-84-1

Control Force Ratio
Minimum Maximum V/STOL

Pitch/Roll I 4 I

Yaw/Roll 4 8 2.5

Table 1.4

1.4 Control System Free Play

The CL-84-1 control system has very small values of backlash in normal operation.
The only control. circuit which may not be adequate in this regard is that of the flap/
ailerons where the backlash is equivalent to - I degree aileron movement.

2

After a single failure of the Power control system, the free play is increased 1y
about + ý inch at the pilots control.

1.5 Powered Control Systems

The only suspected deficiency in the present power control system is that of the flap/
aileron actuator. As indicated in Para. 1.4 above, a deficiency exists in the flap/ai-
leron control system nerformance, but it is not known at this time if the problem is due
to actuator performance, circuit free play, 'lexib:ality or a combination of these factors.

1.6 Trim Systems

It is believed that the CL-84-1 trim systems meet all the AGARD Criteria.

1.7 Height Control Systems

1he only known deviation from these Criteria is the power lever friction device which
can only be adjusted on the ground.

1.8 Thrust Vector Control

The wing tilt system of the CL-84-1 appears to meet these criteria in all respects.
The wing tilt switch on top of the power lever demands ratcs programed with wing tilt
angle ond direction of wing motion such that the rates are compatible with the maximum
performance of the aircraft. Criticism of :)otential inadve!rtent operation of the switch
during ground taxi can be attributed to inadequate human engineering design :f the power
lever grip for operation in the low power regime. Since ground taxi poier is well belou
the Flight Idle setting, this hazard is not present in flight.

1.9 Control Travel Limits

Cockpit Control Travel 1.imit.ý

Aoxis AGARD Cri teria Cl-,4-1
i ns. i ns. .

Longitudinal - .. 0 - 3 o.5 3 UND - 5 .\Iz:

Lateral - 3.0 - ( o.5 4.0

Directional _ 2.5 - - 4.5 31 3.0

Table 1.5



6-10

r 1.1I0 Augmentation Systems

The limited authority, high gain of the CL-84-1 S.A.S. results in sudden saturation
of the pitch and roll systems in gross maneuvers at low speeds. Whilc these characteris-
tics have been describeo by pilots as mildly unpleasant, they have not prevented pilots,
even with only one or two flights in the aircraft, from executing these maneuvers. The
S.A.S. meets the Criteria in other respects.

Section 2 U.ONGITUDINAL STABILITY AND CONTROL

The data for Uhe CL-84-1 in Tables 2.1, 2.2 and 2.3 were obtained from steady level -flight at various wing angles with the fuseýlage level and 95% propeller r.p.m.

2.2 Pitch Control Powe"

[Pitch Control Power Characteristics

AGARD Criteria CL-84-1

Hover S TOL Hover. STOL
Pitch Control Power
Angular Acceleration .4 - .8 .4 - .6 ± 1.2 I 1.2
Rad./Sec.

2

Table 2.1

With the high value of control power and high gain S.A.:-•., the maximuM control power
is difficult to measure in flight. The values shown have been derived from partial control
inputs and extrapolated to full inputs by using the known tail propeller and elevator
characteristics.

2.3 Control Sensitivity

Pitch Control Sensitivity: Acceleration System

SAGARD Criteria 1  CL-84-1

Hover STOL Hover
Pitch Angular- Acceleration
per unit control deflection .08 - .16 0.3 0.3
Rad./Sec. 2 /in.

Table 2.2

As a result of the non-linear variation of tail propeller thrust with blade angle,
the pitch control sensitivity is not linear with stick deflection, but is higher for for--
ward stick than for aft stick displacements. However, the change in sensitivity is essen-
tially smnoth.

2.4 Pitch Damping

Pitch Angular Velocity Damping: Acceleration System

AGARD Crit-ria CL-84-1

Hover STOL =over STOL
A~ngular Veloci ty -10 -. 0 -.

Damping, i/Sec. -. 5 to -2.0 -1.0 -3.0 -3.0

Table 2.3

The nitc -esponse of the aircraft is essentially dead beat and control reversals
are not uiu d as Ion- as the aircraft operates within the saturation "Limits of the
S.A.S. Pt :d- and rate stabilization.

2.5 ,ntrol System Time Lags

.ica, pitch response time history for the airc raft in hover is shown in
PFigure 2.. r.rate the control system time lags. From a steady state condition with
the fuelan, , 'e down, the longitudinal stick is moved eFt about 1.5 inches in about
0.15 seconds. fhe pitvh acceleration, as measured by a sensitive accelerometer in the
tail of the aircraft. shows that o3.] of the maximum pitch acceleration is reached at about
the same time as th,- longitudinal stick reaches its full aft travel. (The scale for the
accelerometer is omitted since it does not show ar.-ular acceleration directly.) It is
clear that the angular acceleration is in the commanded direction within less than 0.1
setond and that the time required to reach 63 percent of the iitial maximum acceleration
""or a true step input woutd be about 0.1 second. These values are well within those shown
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2.6.3 Thrust Vector Stability. Wing tilt provides an exceptionally powerful

means of controlling airspeed and the CL-84 is very st.ble in this e aregard.

2.7 Longitudinal Control Characteristics in Maneuvering Flight

The aircraft satisfies these Criteria in normal operation at constant paver if the
pitch S.A.S. authority limits are not exceeded. The stick force per g is about 15 lb. in
the speed range from 30 knots to 70 knots. With a single S.A.S. failure, the turn rate

r S.A.S. saturation is increased, but the stick force per g is reduced to about 5 lb.
in the same speed range.

2.8 Dynamic Stability

The short-term pitch response of the aircraft is essentially critically damped
throughout the V/STOL flight regime.

2.9 and 2.11 Longitudinal Control Characteristics in Take-off and Landing

While the CL-84 readily meets these Criteria, they are only considered of importance
to the aircraft with respect to the requirement for adequate control power to maintain
level attitude as the aircraft passes through ground effect. Aircraft rotation in the
classical sense is not required nor used for STOL operation.

2.10 Longitudinal Control in Sideslip

For STOL operation from 40 knots to 90 knots, aft pitch control deflections of about
20% of full control are required at maximum sideslip. This corresponds to about 2 lb.
pull force and is well within the limits of the Criteria. In hover, the requirements for
pitch control inputs in yawing turns and jateral translations are negligible.

Section 3 LATERAL-T)IkLCTIONAL STABILITY AND CONTROL

3.2 Roll Control Power

Roll Control Power Characteristits: Acceleration System

AGARD Criteria CL-84-1
Parameter

_Hover STOL Hover STOL

Bank Angle affer
]Sec., Deg. 2 - 4 2 - 1 10 20

Roll Angular Acceleration
Rad./Sec.- .8 - 2.0 1.5 1.2 - 2.7

Table 3.1

At speeds around 40 knots, the control power is limited by the power of the flap/
ailerons. Control power could be increased by using a higher gain to the differential
propeller blade angle, but pro-yaw coupling would inevitably result. The higher value in
Table 3.1 corresponds to airspeeds around 100 knots.

3.4 Roll Control Sensitivitv

Roll Control Sensitivity Characteristics: Acceleration System

AcARD Criteria CL-84-1

Hlover STOL ilover STOL
Roll Angular Acceleration

per unit control deflection .2 - .8 -3-5 .3 to .o75Rad.//Sec. 2/in.

Table 3.2

rhe roll control sensitivity is essentially linear with control deflection in hover
and high speed V/STOL flight. At speeds around 40 knots, the combined flap/aileron de-
flections are sufficiently !irge, at large control deflections, to cause up to 20. re-
duction in control sensitivity.

3.5 Cross Counpling

Figure 3.3 shows a time history of an uncoordinated bank-to-bank maneuver at 30
degrees wing tilt (corresponding to a speed of 55-60 knots). The maneuver was initiated
from a 30 degree 1na:keJ, uncoordinated, descending tzrn to the left with about 14 de-
grees of sideslip. The bank angle is reverscd I.n 2 seconds by application of full lateral
stick for about 11 seconds. The tendency for pilot-induced oscillations in arresting the

I; .. -. -
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Cross Coupling Characteristics in STOL Operation .'

_ __(Yaw Control Free)i

AGARD Criteria CL-84-1

Maximum Sideslip to Bank Angle Ratio I(• A•)ax..3 - .5 .4

Maximum Sideslip Angle 200 Variable

Table 3.3 (refer to Fig. 3.3)

CX-8401 STEP INPUT IN ROLL. RUDDER FIXED

300 WING ANGLE EAS APPROX. 60 KT.

TIME--E]X-

-4--
L

INS. LAT. STICK ___

R5
S2.0"•

II

!I

I3.0"_E3

i3 0o R L ACCELN.

DJEG ln . BANK ANGLe

SA CCEI.N.

, ,-,0 SIDE SLIP ,

DEG. 5o

S504., -. PITCH ATTrIT]UDE

S N.D.

FIGURE 3.3

S•iJ



6-14

bank angle is indicated in the lateral stick trace. This is a result of the inadequate
performance of the present flap/aileron circuit as discussed earlier. It will be noted
that the sideslip angle follows the bank angle with about a I second lag. A maximum of
10 degrees right sideslip is developed during the maneuver and the pitch attitude varies
from about 30 nose-up to 10 nose-down. (The roll acceleration indicated in the figure
was obtained from a wing tip accelerometer; the scale was omitted since it does not show
angular acceleration directly.) In addition to the parameters shown in the figure, the
test records show the following:

A small, but detectable adverse yaw cross-coupling (less than 0.1 rad/sec 2 )
resulted from the lateral stick application.
A forward longitudinal stick movement of 21 inch accompanied the lateral
stick application and resulted in an incremental normal load factor dropof O.i g.Troughout the maneuver, the total longitudinal stick movement was less

than 4 inches and the normal acceles-'tion varied from 1.0 g to 1.2 g.
, Following stabilization of the right bank angle, the normal load factor

varied between 1.0 g and 1.1 g.

The author confesses not to understand these Criteria as related to cross coupling
about all axes following abrupt roll control inputs, as will be discussed later, and is
thus unable to state whether or not the CL-84 meets the Criteria as evidenced by the
above described test or any other test. However, it is clear from the CL-84 test datathat roll control applications as such produce essentially roll moments with &a'all or
negligible effects in and along the other aircraft axes.

3.6 Roll Angular Damping

Roll Angular Velocity Damping

AGARD Criteria
Minimum Levels CL-84-1

Parameter i
Hover STOL llover STOL

Angular Velocity Damping, 1/Sec. -2 to -4 -. 5 to -3 -3.5 -3.3 to -6

Table 3.4
The present deficiency in the flap/aileron control circuit pevents assessment of thenumber of control reversals to stabilize for the CL-34-1. However, the CL-84 prototype

met these criteria.

3.7 Roll Control System Time Lags

Roll Control i.ags

AC.ARD Cri teria LS-

Time from Control Input to (13% of'3
Peak Angular Acceleratioa, Set. .2 .15

Table 3.5 (refer to Fig. 3.3)
Pigur. 3.3 shows that the angular acceleration is in the right direction within less

than 0.1 second. For the ramp-type input of C.2 second duration, 6.^ percent of the acce-
leration is reached at the same time as maxinnm control deflection, A.c. the laa to a
zero-time input is 0.1 to 0.15 s!econds and well within the limits of the Criteria.

3.8- Peak Roll Control Forces

The CL-84 meets these Cri teria for both iormal operation and singl] e hydraulic fai lure
throughout the V/STOL regime.

3.9 .piral Stability

The aircraft is spirally stable in the classical sense throughout the V/STOL regime.
However, in and near hover, an instable lateral oscillatory mode is present, mainly as a
result of the strong lateral speed stability (dihedral effect) of the aircraft. W1ith the
present normal value of roll damping, the period is about 12 seconds, and the time to
double amplitude is about 30 seconds in the medium amplitude range.

3.10 Dihedral Effect

As ;ndicat.d auove. the CI.-S4 dihedral elffect is more positiv-' than desirable nearhover. The dihedral remains positive throughout the VI'STOI. regime-. In the speed rance
frao 40 knots to 0O knots, 40-30 percent of full lz:tcra] stick is requir,,d in steady side-
sIi ps with maximum rudder pedal deflection. This corresponds to a forc'se of about i lb.
and is well within the Criteria.

'I: *~
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3.12 Yaw Control Power

Yaw Control Power Characteristics

AGARD Criteria CL-84-1

Hover STOL Hover STOL

Time for 150 Heading 2.5 2.0 1.5 Variable,
Change - seconds 4 1.5

Yaw Angular Acceleration Variable,,
Rad./Sec. 2  

- .8 .4 .4

Table 3.6

It will be noted that the aircraft yaw control power is marginal in terms of yaw
angdlar acceleration, but meets the heading change criteria in hover. The yaw angular
acceleration available increases with speed and is about 0.5 rad./sec. 2 at 40 knots air-
speed.

3.13 Yaw Control Sensitivity

Yaw Control Sensitivity Characteristics

AGARD Criteria CL-b4-1.

Hover STOL Hover STOL
Yaw Angular Acceleration Variable

per unit control deflection, .05 - .2 .05 - .10 .164 .164
Rad./Sec. 2 /in. .

Table 3.7

The control sensitivity is essentially linear with control deflection in hover and
at low wing tilt angles. For speeds from 30 knots to 60 knots, the sensitivity reduces
by 10 percent to 20 percent for large control demands due to the reduction in effective-
ness at large deflections of the down-going flap/aileron. A larger reduction can occur
if opposed lateral-directSonal control is demanded.

3.14 Control System Lag

The yaw response of the aircraft to a ramp input in yaw in hover is shown in Figure
3.3 • i't will be seen that the yaw angular acceleration is in the right direction within
less than 0.1 second following the initiation of the control input and that 63 percent of
the maximum acceleration is reached almost at the same time as the completion of the con-
trol input, i.e. in less than 1 second. The equivalent time for a true step input would
be about 0.15 seconds, which is well within the 0.3 seconds of the Criterion.

3.15 Peak Yaw Control Forces

With the present feel forces in the aircraft, the maximum pedal force falls within
the Criterion for hover, but is appreciably less than that for STOL opcration.

3.16 Cross Counling

1he cross-coupling effects in hover are based on maximum yaw control input turns.

For STOL operation, the cross-coupling has been based on results from sideslip reversals,

using full yaw control, as the aircraft passes through zero sideslip. The effect of yaw

control applications on normal load factor is small and is not readily obtained from
existing CL-84 data.

Yaw Cross-Coupling Characteristics

AGARD Criteria CL-84-1

Parameter ilover STOL Hover and STOL

Apparent Pihedral Rolling Positive. but not Positive l0-15% for
*Ioment Variation with Yaw more than 50' of 6 rmaX
Rate roll control to

trim for hrmax

Response about Pitch 1\xis Pitch angle ch,ange Not objectionable \egl i aible
Iss than 20 ivitch (!own with

increase in
sidesl i p

Table 3.8 :•"
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3.17 Directional Characteristics in Steady Sideslips

The aircraft meets these Criteria throughout the V/STOL flight regime.

3.18 Sioe Force Characteristics in Steady Sideslips

The side force due to sideslip is larger than desirable for the CL-84 and makes the
aircraft rather gust sensitive in high speed flight. In STOL operation, the sideslip-to-
bank angle ratio in constant heading sideslips is about 3 at 40 knots and about 2/3 at
100 knots.

3.19 Lateral-Directional Dynamic Stability

The roll-yaw oscillatory characteristics of the CL-84 are well damped in the STOL
regime. At 60 knots, the frequency of the damped oscillation is approximately 2 rad./sec.
and the product of the undamped natural frequency (0) and the damping factor (•) is
about 1.8. Referring to Figure 3.1 of Reference 4, it will be noted that this point falls
outside the figure (above and to the left), but well within a natural extrapolation of the
normal flight limit for satisfactory operation.

The unstable lateral oscillation in hover described in para. 3.9 does result in yaw
excursions due to the effect of the directional stability of the aircraft in lateral
translations. However. the yaw degree of freedom is not required to sustain this oscil-
lation, and it appears inappropriate to refer to it as a roll-yaw oscillation.

Section 4 HOVERING AND VERTICAL FLIGHT PATH CHARACTERISTICS

4.2 Ground Effect

The ground effect characteristics of the CL-84 are favourable to performance from
hover to about 15 knots airspeed and slightly unfavourable in the STOL regime. Recircu-
lation makes the aircraft skittish in hover in close proximity to the ground, but no up-
set disturbances of appreciable magnitude about any axis are actually experienced. The
recirculation disturbances reduce with decreasing wing tilt and increasing speeds and are
not evident at speeds above 30 knots. In STOL operation, a small loss of lift, an appre-
ciable reduction in drag and a nose-down pitch trim change .s evident when entering ground
effect. With one exception, significant difficulties due to operation in proximity of the
ground have riot been experienced in any part of the V/STOL flight regime, either in normal
operation or in operation with simulated S.A.S. or hydraulic system failures. The excep-
tion refers to rapid deceleration to hover at low heights above ground (10 to 20 feet);
when the aircraft can experience loss of lift in catching up with its own recirculation
under certain wind conditions. Such operation is generally avoided unless a larger-than-
normal thrust marjin is available.

4.3 Vertical Flight Path Conzrol

Vertical Flight Path Control in STOL

AGARD
RequirementItem Mode Parameter For Satisfactory CL-84-1

Operation

Incremental 0 g.A ,,, 0.3 g +0.3 g

Incremental Negative increment
Control B t1g,, Z 0.1 g limited by buffet boundary
Power Steady State 0' or

oer C Rate of Climb 600 fpm 1600 fpm *
Incremental See buffet
Descent Anle gratr boundary curves

than F/P angle

Aircraft
A Response 0.5 sec

Response Aircraft 0.3 sec

Time Rsponse.5 se
C Aircraft 2.0 sec Not determined

____Rcsponse

Cross Pitching Not Nose up with $
Coupling All Moment objectionable increased power

Table 4.1

Measured on approach (300 wing tilt, approx. 60 Kt. I %.S.) at Maximum
VTOL Weight (T/WH v - 1.05). Rate of Climb availaulc at STOL weight
should exceed 1008 f.p.m.

4 Typically, I" forward stick is required on a full power overshoot from
an approach with 300 wing tilt.
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4.4 Hovering Precision

The CL-84 has demonstrated adequate hovering precision for rescue work. It is be-
lieved that the precision requirements of the Criteria cannot be met by any existing VTOL
vehicle under moderately adverse wind conditions unless a fully automated control system
is employed.

4.5 Vertical Thrust Margins

TAKE-OFF

I UNSATISFACTORY

S (MAXIMUM R/C:<600 fl•) •
CL-84 MIN. FOR T.O.

CC .4

0440ýSATISFACTORY

S1.00 1.05 1.10 1.15
MAX. THRUST TO WEIGHT RATIO AVAILABLE

C.) LANDING

j 11
F SATSFACTRY

-ICL-84MIN. FOR LANDING

1.00 1.05 1.10 1.15

MAX. THRUST TO WEIGHT RATIO AVAILABLE

FIGURE 4.1 VERTICAL HEIGHT CONTROL CHARACTERISTICS

The minimum thrust margins used for normal operation of the CL-84 are shown in Figure
4.1. It is noted that the margin used for take-off is less than that called for by the
Criteria. The aircraft has perfo:,'med vertical take-offs and landings with no margins
available for hover out of ground effect.

4.6 Vertical Velocity and Thrust Response

Vertical Velocity and Thrust Response Characteristics

Parameter AGARD Criteria CL-84-1

MIinimum Maximum
Height control sensitivity
"gi/in .1 .4 .25

Vertical velocity response
R/C (after I sec), fpm 150 775 450

Thrust response, first Not greater than

order time constant, soc. .5 sec. .15

Table 4.2
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SThe values for the CL-84 would appear to be optimum relative to the Criteria for

vertical velocity and thrust response.

Sections 5 TRANSITION AND MISCELLANEOUS CHARACTERISTICS
and 6

The Criteria of these Sections are mainly qualitative and no attempt has been made
to compare the CL-84 characteristics paragraph by paragraph with these Criteria. Instead,
a brief description of the general transition characteristics of the aircraft is given
with particular emphasis on the few areas where more development is needed.

A typical accelerating transition is shown in Figure 3 . The particular time his-
tory shown was obtained from the CL-34 prototype in 1966, but this maneuver was satisfac-
torily performed early in the prototype flight test program so that not much improvement
would be evident from present records. The maneuver is normally terminated at 15 degrees
wing tilt where the large longitudinal acceleration is converted into a rate of climb and
the landing gear is retracted. As can be seen from the time history, the cockpit control
activity level is moderate and more than adequate control remains in all axes to cope with
upsets or to terminate the maneuver at any point. On the Harper-Cooper handling qualities
rating scale (Reference 6 ), the current rating (HQRS) is about 2 for this maneuver (See
Reference 7 ).
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of the power required curve combined with a low rate of lift increase with angle of attack,
corresponding to a low height rate damping, a rapid variation of drag with angle of attack,
and a low value of angle of attack pitch stability. Increased pitch attitude stabiliza-
tion does not appear to be a solution to this problem since the angle of attack changes
rapidly with rate of climb or descent without any change in pitch attitude. In the au-
thor's opinion, this handling qualities problem area is the only significant one which
definitely requires improvement in order to make the CL-84 an operational I.F.R. V/STOL
aircraft. It is perhaps a tribute to the CL-84 control system that the handling qualities
rating for this maneuver currently rates no worse than 4.

TiME HISTORY OFVINBOUND"TRANSITION
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In descending fli.ght in the STOL regime, th. descent angles and rates are limited bya light buffet. Unfortunately, thc CL-84-l exhibits a much earlier onset off buffet thanthat for the CL-84 prototype. The reasons for this deterioration are not known at present,but clues may be found in the fact that the CL-84-l operates at higher weights with anappreciably farther afft center of gravity than did the prototype. Figure 5 shows a
"• ~comparison of the buffet boundaries for thc two aircraft. It is evident from the values
:._• of the rates of descent for the two aircraft that the CL-84-l must be improved at least to
• •. the level of the prototype to be opcrationall.y useful. The curve for the prototype repre-
•" sents a minimum descent angle of 12 degrees at 30 degrees wing tilt, corresponding to anapproach speed of about 50 knots. The possibilities for improvements are indicated by themaximum penetration boundary achieved for both aircraft without loss of control.

-- ~AIR SPEED
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CL-84 V/STOL BUFFET BOUNDARY
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CRITIQUE AND CONCLUSIONS

GENERAL

In philosophizing on how to conclude his dissertation on the application of the
V/STOL handling qualities Criteria to the CL-84 aircraft, the author realized that he was
faced with the unenviable task of criticizing (a) the CL-84 characteristics for failing
to meet all the Criteria; (b) the Criteria for not agreeing with those characteristics of
the CL-84 already found to be satisfactory or (c) both the CL-84 characteristics and the
Criteria. Having completed the comparison, such as it is, he decided that the honest task i
was option (c). This choice was made easier by the fact that the CL-.84 characteristics
are, in general, in good agreement with the Criteria.

In the assessment made in this part of the presentation, the author has attempted to
determine:

(i) whether the CL-84 needs improvement, or whether the Criteria are too
demanding or not applicable in those cases where the CL-84 does not
meet the Criteria,

and (ii) where the Criteria appear to be too lenient in light of the CL-84
flight test exp-rience.

In addition, a few suggestions are made where it is felt that the Criteria could be
clarified or improved. In the many cases where no mention is made of a particular set of
Criteria, the author ia either in agreement with the Criteria, or considers himself not
knowledgeable enough to comment.

CONTROL SYSTEM

The high breakout force of the CL-84-1 power lever has received unfavourable pilot
comnments and requires reduction. The Criterion is judged appropriate.

Both the roll and yaw control force gradients of the CL-84 have been described as
too high in hover. With respect to the roll gradient, tnis is in agreement with the
Criteria. However, the Criteria allows twice the CL-84 yaw gradient in hover and seven
times this gradient for STOL operation. It is certain that these upper limits would be
unacceptable for the CL-84. The present CL-84 yaw gradient has been judged satisfactory
for STOL operation, but is only one-half the minimum of the Criteria. It is recommended
that the minimum be lowered. Similarly, the optimum control force harmony ratio,-for yaw-

to-roll in the Criteria appears to be too high based on the CL-84 experience.

LONGITUDINAL STABILITY AND CONTROL

The minimum levels of pitch control power and damping for satisfactory operation

given by the Criteria are certainly too low for the CL-84 in and near hover. On the other
hand, these levels are probably quite satisfactory for large V/STOL aircraft or for air-
craft with high wing and disk loadings, such as jet lift aircraft. ]t is appreciated
that it is virtually imoossible to specify general requirements that will prove satisfac-
tory for all concepts and sizes of aircraft. The discussion of the Criteria in, AGARD 577
makes this point, but it is questioned if the point is emphasized strongly enough.

The CL-84 does not meet the Criteria for stability with respect to speed. While the
aircraft could be modified to meet these Criteria by increasing the S.A.S. attitudestabilization gain, it is doubtful if this would enhance the handling qualities of the

aircraft significantly. The main problem with the aircraft in decelerating, descending
flight in the speed range from 30 knots to 60 knots is a speed-vertical velocity problem
rather than a speed-attitude problem, as discussed previously. It is proposed that mild
speed divergence (10 to 15 seconds to double amplitude) be accepted.

Since many.V/STOL aircraft are capable of gross maneuvers at low speed far in excess
of what may be needed for fulfilling their mission requirements, the Criteria for longi-
tudinal control characteristics in maneuvering flight should be restrained to a normal
maneuver envelope as required by the mission. For example, this would make the CL-94
acceptable as a utility transport, but not as a ground support aircraft with the present
S.A.S. saturation limits. In addition, the criteria should be restricted to constant
power and constant air speed since it will prove impracticable (and probably unimportant)
to demonstrate compliance with the Criteria for all conceivable rates of change of power,
airspeed and normal load factor.

LATERAl. STABILITY AND CONTROL

The cross-coupling Criteria for abrupt-roll control nputs are not understood. For
any finite bank angle in uncoordinated roll maneuvers, the sideslip developed depends on
the normal load factor history as well as on coupling due to the applicatioit of roll con-
trol and the roll rate. If the initial condition is I g level flight, and the longitu-
dinal stick is fixed during the roll control application, the sidce-lip developed depends
on the bank angle reached even if no coupling exist with roll control and rate, It Uould
appear that the Criteria may be meaningful if the ratio of the rate of change of sideslip
angle with time to the roll rate is obtained as the aircraft passes through zc;'o bank
angle in a full roll control reversal. This is not the way the .,ppropriate test is des-
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cribed in the Appendix of AGARD 577. It is suggested that this Criteria and the appro-
priate test be clarified in the e-eport.

The yaw control power of the CL-84 is close to the lower limit of the Criteria. This
is in agreement with pilot opinion which classifies the hover yaw control power as mar-
ginal.

The peak yaw control force limits for STOL operation are considered too high from
the CL-84 experience. This is perhaps because the control power is relatively low and
consequently large pedal movements are required.

While the author believes that he understands the yaw cross-coupling Criteria betterthan the roll ones, additional clarification of the Criteria and the appropriate test

would be helpful.
HOVERING AND VERTICAL FLIGHT PATH CHARACTERISTICS

The hovering precision Criteria are considered unrealistically demanding for modera-
tely adverse wind conditions such as 15 knots gusting to 25 knots.

While the CL-84 operates successfully in take-off with a vertical thrust margin less
than that of the Criteri.,, the values in the Criteria are considered reasonable.

The first order time constant limit for acceptable thrust response should probably
be made a function of the natural height rate damping of the vehicle. The value oE 0.5
seconds may be satisfactory for a lightly loaded helicopter, but would prove disastrous
for the CL-84.

TRANSITION AND MISCELLANEOUS CHARACTERISTICS

The mainly qualitative Criteria given in these sections appear both appropriate and
comprehensive. While the CL-84 may not meet all the Criteria at the present time, parti-
cularly as a result of the restrictive buffet boundary of the aircraft, it is difficult
to take issue with the principles of any of these Criteria or to argue tha. they need
not be met by an operational aircraft.

CONCLUDING REMARKS

In reviewing the AGARD V/STOL Handling Qualities Criteria and their applicability to
the CL-84 aircraft, the author has been impressed with both the style and thoroughness of
the Criteria. In the author t s opinion, the Criteria represent about the right blend of
quantitative and qualitative requirements to make them useful for both design and evalua-
tion of most V/STOL concepts. It has been accepted by the authors of the Criteria that
it is impossible at this time to fully quantify all the V/STOL handling qualities require-
ments and expect them to be applicable to the large variety of V/STOL vehicles under
consideration.

In comparing the CL-84 characteristics with the Criteria, it is evident that the
Criteria are appropriate for this type of V/STOL aircraft. While a few of the numbers
in the Criteria do not appear to be appropriate in the light of the CL-84 flight test
experience, there is no doubt that in most cases where the CL--84 does not meet the Crite-
ria, the aircraft would exhibit better V/STOL handling qualities if it did.
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LEAD DISCUSSION

by

Antonio FILISETTI,Chief Aerodynamics Section,FIAT Sez.Velivoli
Corso Marche 41, 10146 Torino, ITALY

Recommendations, Criteria, proposed Requirements on the Handling Qualities of V/STOL Aircraft
have been given since a number of years and many problems have been focused.
Flight Tests of V/STOL Aircraft, ground simulations and in-flight simulations through hovering
rigs and variable stability helicopters have given a basic contribution to the formulation of the
most recent criteria, like those of the AGARD Rep. No. 577.
In this respect the CL-84 was particularly valuable, taking into account that several pilots were
able to fly it and to try different control modes.
Nevertheless many' aspects of the V/STOL Handling have not been yet c larified or have not
achieved a defined numerical evaluation.

Surely further flight tests experience and the continuous comparison of the existing aircraft

characteristics, like those of the CL-84, provided Nith variable stability and different control
system modes, with the formulated handling criteria will allow to go more in depth in the knowledge
of the criteria still uncertain.
Moreover the use of the aircraft in operational trials will allow to enlight some aspects of theI handling criteria related to special missions which now are not supported by any evidence.

To my opinion, in order to be effective, the flight tests or simulations should be oriented I yards

the solution of those V/STOL handling qualities problems still open or awaiting further refinements;
therefore I would suggest guided researches, not a random cnllection of tests results and pilot's
opinions.

A possible list of V/STOL handling problems worthwhile to be discussed and, if necessary,
investigated is here commented.

- The aircraft response and maneuver requirements have been defined in different ways, like the

maximum angular acceleration available frcm control power and 'he angular damping,the attitude

change within one second of control application or the time to get an attitude change of 300.

A better definition of what is the complete aircraft response to control inputs the pilot aims, will

be much more helpful in designing for instance the Command Stability Augmentation Systems.

By acting on the controls, pilots are looking to attitude changes, angular rates, transi ational speeds;
load factor variations behaving within the limits of satisfactory time histories whose definition

could represent a synthesis of the handling problems.

- The allowed or desired ,evel of coupling of one and another aircraft response sho.., be clarified,

as in the case, for instance, of a STOL aircraft where a throttle displacement, affecting the thrust,

the lift and the pitch moment, requires not desired coordinated ma ieuvers of 'he other controls,

whilst in the case of a STOL lateral control an advisab!e dynamic coordination between yaw

rate and bank angle is still to be defined.
The longitudinal control of a STOL aircraft in approach appears to be of great actuality and

deserves extensive investigations covering also the techniques of thrust and aerodynamic vectoring

together with problems of the speed stability and the flight path control.

The CL-84 should hlve in this respect the provisions to carry out interesting research activity

by flying with intermediate tilt wing.

- From the past flight experience a conflict "ppears between the aircraft maneuvering pe'rformance

and :!s stability or damping. This argument, for instan.e, has been used several times against,or

not, the attitude control system.

An optimum compromise between the two requirements could be realized in a mareuver demand

system by using non-linear techniques, like saturation of the control in large maneuvers o-

non-linaar wash-out related to the maneuver amplitude

The non-linear technique would allow to design aircref: sh reduced control power available for

maneuvers and therefore with reduced bleed from the [if. power.

I wonder if the CL-84 experience in this area could be enlarged or considered exaustive, with the

aim not much to identify the possible non-linear co..'rol systems but to define their limits, such as

allowed overshots or r'equired responses according to the maneuver amplitude.

-The adoption of complex Command and Stability Augmentation Systems, changing remarkably the

static and dynamic response characteristics of the aircraft, raises the problem of the safety in

case of failures.

In these cases there is not only a problemn of defining the allowable transient amplitudes due to

possible runaways but the capability of a pilot to change suddenly his compensation technique in

controlling the aircraft itself.

Having for instance a triplex control system with manual reversion it could be better for a pilot
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to revert deliberately to manual control after the first failure not affecting CSAS characteeistics,
to avoid the risk of a second umpredictab!2 critical failure changing the aircraft response and
which he could not be able to cope with.

- The design of the aircraft control power Is defined by the needs of trimming and maneuver',ng
the aircraft as well as to cope with the external disturbances.
What is not yet clear Is how the control power required to maneuver can be matched to theft
required to control the disturbances.
By assuming, for instancethat no correlation exists between maneuver and gust, the total required
control power could be computed by the square root of the sum of the squares of the two control
powers.
A more valid criterion could result by an ad-hoc programme of research.

- A number of V/STOL aircraft belonging to different classes have flown till now and the;r opera-
tional experience should give an indication of different handling criteria accor-ding to different
aircraft classes or tasks or missions.
In this connection the new US Military V/STOL Requirements MIL-F-83300, presented by Mr.
Westbrook at this meeting, could be a good basis to correlate the different flying qualities
requirements to the different aircraft classes and flight phase categories.

- A further aspect of Handling Qualities, I like to draw the attentlon,is the definition of advisable
margins which the aircraft must hold during the partially powered flight regimes. In fact on one
side the maximum usable lift coefficient, limited by stall, pitch or roll moment divergence, buffet
level is a function of the power setting, the angle of attak and the aircraft configuration, while on
the other side the disturbances like an engine failure or a gust excitation can result in large
stdesl Ip, airspeed and angle of attack changes owing to the slow flight speed.

A consequence it is not easy to coordinate so many variables in a sensible way.

- Anyhow, to conclude, I fully realise that if it Is easy to raise controversial problems on V/STOL
handling, the aircraft designer will have to make guesses on their solution for long time before

sound and complete handling criteria are derived from flight and simulation experience.



7-I

V/STOL HANDLING QUALITIES CRITERIA COMPARED WITH FLIGHT TEST RESULTS OF THE V/STOL-
SUPERSONIC-FIGHTER VJ IOIC AND TIHE V/STOL-TRANSPORT-AIRCRAFT DO 31E

by

Dipl. Ing. G.K. Kissel Dipl. Ing. Horst WUnnenberg
Messerschmitt-Boelkow-Blohm GmbH Dornier AG

Unternehmensbereich Flugzeuge
D-8000 Muenchen 80 D-7990 Friedrichshafen
Postfach 801149 Postfach 317

Germany Germany

SUMMARY

After a short description of the two aircrafts, their cockpit controls and
their Stability Augmentation Systems the main features of the take-off and landing
procedures are presented. The Handling Qualities of the two aircrafts in hover and
transition flights are compared with the recommendations of the AGARD-Rep. 577. Further-
more the influence of the Stabilisation System and its characteristics on the used
control power and the effects of the jet induced downwash and of the hot gas recircu-
lation are shown. Finally some comments to the new Recommendations of the AGARD-Rep.
577 are given on the background of the flight experience with the VJ 101 and the Do 31.

1. DESCRIPTION O THE AIRCRAFTS

1.1 General

The VJ 1OIC is a VTOL-Supersonic fighter aircraft with a maximum VTOL-Take-
off weight of 17.600 lbs (rig. 1). The aircraft has four cruise engines RB 145 R with
afterburners which are installed in movable wing tip pods, two in each pod, and two
lift engines RB 145 which are mounted in the fuselage behind the Cockpit. Between 1962
and 1971 with two prototypes a total of 457 tests were performed. These tests include
15 Take-off transitions, 32 Landing transitions, 50 )lover flights and various partial
transitions aimed at optimising the Handling Qualities in partially converted confi-
guration.

The Do 31E is a VTOL-Transport Aircraft with a maximum VTOL-Take-off weight
of 45.000 lbs (Fig. 2). The aircraft is powered by two Brixtol Pegasus 5-2 lift and
cruise engines with swivelling nozzles and 8 Rolls Royce RB - 162 Lift engines, which
are installed in wing tip pods, four engines on each side. In addition to the flight
tests with the two hovering rigs the VTOL-prototyp Do 31E3 has performed about 150
flights with 60 Vertical take-offs, 05 Vertical landings and nearly 160 landing transi-
tions.

1.2 Cockpit Controls

Both aircrafts use the main control lovers in conventional as well as in ho-
vering and transition flights. Fig. 3 shows the cockpit view of the VJ 101. The centre
stick is used for roll and pitch by means of thrust modulations during hovering and
transition, ailernns and elevator during aerodynamic flight, pedals for yaw by diffe-rentially swivelling the cruise engines during hover and transition and rudder for acro-
dynamic flight and a collective thrust lever for total thrust control.

wo switches on the collective thrust lever are for selection of cruise engine

rotating direction up/down and the speed of rotation zero, slow, medium and fast.

All engines are started by means of six individual gas levers bringing each
engine up to idle. From this position all engines are commanded by means of the collec-
tive thrust lover. Also reheat is selected by cocking the collective thrust lever. The
lift engines mounted in the fuselage directly behind the cockpit are scheduled by the
cruise engine rotation angle 6 so that they come up from idle to the thrust commanded
by the collective thrust lever as the cruise engines are swivelled. The control law of
the lift engine thrust is therefore

T UTsi
Lift Cruise sin 8

Fie. 4 shows the cockpit view of the Do 31. A center stick, - no wheel for safety reasons
in an ejection case - is used to control the pitch axis by elevator and a bleed air thrust
nozzle at the rear part of the fuselage, and the roll axis by ailerons and thrust modu-
lation of the lift engines. The yaw axis is controlled by pedals which 'bctuate the rud-
der and the swivelling nozzles of the lift engines. In aerodynamic flight only the control
surfaces are actuated and the VTOL-control devices are switched off. In VTOL-flight the
aerodynamic control surfaces remain connected to the VTOL control devices.

In addition to these conventional control levers the pilot uses cruise engine
throttles, a cruise engine nozzle control lever as well as a single lever to start the
citht lift enqines and to control their thrust level.
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1.3 Control System

The primary flight control system of the VJ 101 is a Commanded and Stability
AugmentationSystem (CSAS) in Fly-By-Wire technique. The control laws are:

- hovering: attitude control in roll and pitch, rate control in yaw

- transiti-n: blending from attitude to rate control scheduled with cruise
engine angle of rotation 6

- aerodynamic
flight: normal damper type system

The primary flight control system of the Do 31 is a mechanical System with
an Stability Augmentation System (SAS) differentially linked which is switched off in
the conventional flight. There is no blending during transition. The characteristics of
the SAS are:

- attitude control about roll and pitch axis with an additional damoor in the
roll axis

- rate control about yaw axis

- pitch attitude preselect equipement

- roll damper in conventional flight.

The pitch attitude preselect equipement gives to the pilot the possibility to
preselect a certain pitch anqle by a switch and enqage this pitch attitude by pushing
a button at the control stick.

The main features of the two control systems which influence the Handling
Qualities are given in Table I in comparison with the recommended values due to AGARD-Rep.
577.

ROLL PITCH YA':

AGARD- DO-31 VJ 101 ACARD- Do 311VJ 101 AGARD- 10O32 V. 1
Rep. $77 Rep. 577 Rep. 577 1

VSTOL Breakout Force lbs O,5 - 3,0 2.1 1.65 0.5 - 3.0 3,3 1,65 1.0 - 10,0 19,S 4,4

Control Force Gradients lb/in 0.5 - 1,5 2,7 2.7 1.0 -3, 3.6 3,0 .25 - 10.0 12.9 30.3
Pek.onrl ore b i 1.2 - push1 15 -20.0Peak Contro. Force lbs 15 12.2 16.5 pull 25 23,0 24,0 15 - 50 46 130

Max. Control Travel in 3,0 - 6,5 +4.65 + 5.5 4,0 - 6,5 ±5.2 ±6.0 2.5 - 4.5 +2,05 ±3,15
Attitude change per 70 6.0
unit control deflection deg/in 3.0 - 5,0 non- 3,6 3.0 - 5.0 non- 3,16 - -

linear linear

Max. Attitude change at
• ay. control ueflection deg - + 18 ±20 - .22 ± 19 - -

Tine to 90 1 of the
deranded attitude 2.
change. Sec 1-2 2-3 1 1-2 2 s--

902 - I l .. ..

Natural frequency of
the Control System rad/sec 2,5 3.0 - 2,% 3.0 - -

0.5 0.8
Damping ratio - 1,0 0,75n1 - 1.0 0,9:: - - -

Rate change per I 8.5

unit centroi non-
deflection deg/sec/in - - Unca 2,2

-P~x. Rate change at
Max. control

deflection deg/sce - - - 14.5 7.0

Tire for 150 1leadlng I
chanqe Sec - 1.0- 2.5 2.2
T!=c constant Sec - .3 2.5

with afterburners

Table 1 Characteristic Datas of the Control and Stabilisation Systems

Most of the values correspond to the Recommendations. The main deviations are
the following:

- Both aircrafts have a higher control force gradient, perhaps due to the fact
that for an attitude stabilized vehicle otherwise the pilot could disturb the
SAS too easily.

- The control forces of the VJ 101 in Yaw are higher and the dynamic behavior is
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slowlier, due to dynamic structure problems of the heavy swivelling engine pods.

- The dynamic attitude response of the Do 31, described by the Tgo, is less
fast than recommended by AGARD Rep. 577 and realised at the VJ 101.
This higher T90 corresponds to the heavier transport aircraft.

1.4 Take off and landing procedures

The Take-Off-Procedure is normally a compromise between several problems,
which influence the Vortical Take-Off (VTO): hot gas recirculation, skidding of the
aircraft on the ground, damage of ruw:ay surface by the jets, pilot workload and fuel
consumption.

For the VJ 101 damage of the runway is the most important problem on theground. Therefore the take-offs are performed in two manners:

- From deflectors. The aircraft is positioned over the deflectors, all engines are
started, flaps selected for take-off (at the saine time the engine inlets are au-
tomatically opened to low speed configuration), the cruise engines are swivelled
into vertical, reheat selected and power advanced to full thrust. Full thrust can
be selected since the CSAS has a so-called minus-control-cap.bility. A priority
control system reduces the total thrust only to the level which at each ,toment
is necessary for the stabilisation of the aircraft.

From normal runways it is not possible to take-off absolutely vertical, since
the reheat would damage the runway surface; therefore a slightly different technique
is used. Again all engines are started and the flaps are deflected for take-off.
During the last part of engines rotzcion brakes are released and at an angle
of 75 reheat is selected and power advanced rapidly. The aircraft does take
off after about 3 - 4 meters from brake release.

For the Do 31 avoiding of hot gas recirculation is the most important problezr
at vertical take-offs. From many tests the following procedure was found as an opti-
mum:

After starting the cruise engines the thrust is advanced to a medium level and the cruise
engine nozzles are swivelled into the take-off position of 75 degrees. Then the lift
engines are started to idling, the cruise engine power is advanced to take-off thrust
and the aircraft finally is lifted off the ground by increasing the lift engine thrurt
to the take-off level. This whole procedure is done within 35 seconds, so that the pi-
lot workload in this phase is high.

In comparison to the VTO the following transition to the aerodynamic flight
is easy to control for both aircrafts. Fiq. 5a shows in principle the procedure for the
VJ 101. The pilot selects the swivelling direction and choos.s a tilt speed of the cruise
engine pods so that no height is lost. At the same time gear up is initiated. After being air-
born (approx. 180 ICIAS) the pilot shuts down the lift engines and closes the lift-engine-
door. Flaps are retracted and then automatically the high speed intake configuration is
selected.

Fig. 5b shows the procedure of the landing transition with the VJ 101. The
lift-engine-doors are opened and the lift engines are started by windmilling. Flap se-
lection again shifts the air intake into low speed configuration. The undercarriage is
lowered, park brakes checked, reheat selected at very low thrust setting. By selection
the "up"-direction for engine rotation the engines are slowly rotated into vertical to
maintain a nearly constant sink rate of about 500 to 1000 ft/min. During the apnioach
the pilot checks that he does not leave the two limits of his transition corridor (Fig.6).

As only straight-in transitions have been performed, the pilot did not maneu-
ver in roll but only compensates side wind effects by small roll inputs. The forward
velocity during the final part of the transition is commanded via pitch attitude, the
direction by yaw and the sink rate by the thrust level.

Fig. 7 shows in principle the take-off and landinr procedures of the Do 31.
The fl. jht path of the take-off transtion is mainly ccntrolled by swivel ing the nozzles
of the cruise engines. If the pilot swivels the nozzles so fast that the aircraft just
does not loose altitude, than the maximum acceleration occurs and the transition is
finished in less than 20 seconds. Normally the pilots swivels slowlier to have hicher
flight path angles in the beginning of the transition. The average time for a take-off
transition was 30 seconds.

The most cffort of the Do 31 flight testing was spent upon the problems of
the landing transition. It was very soon found out that from all possible aims of opti-
mizing the landing transition the most important factor was to reduce the pilot work-
load. An optirtizin- of the fuel consumption by reducing the transition time is not
possible without changing the actual control system by addinq an automatic sinkrate
system for instance.

Therefore the landing transition is a procedure, which can be done by the
pilot with a reasonable effort of maniability. The first step is the start of the lift
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"engines during a nearly stationary horizontal fliqht. The descent begins at a certain
point, for instance at the interception of the ILS-beam, by changing the pitch attitude,
lift engine thrust and Cruise engine nozzle position. This will lead to a decejeratina
descent along a straight flight path. Corrections, if necessary, are done by pitch atti-
tude changing or lift engine thrust modulations. The flare and the final deceleration
is done by enlarging the pitch angle and correspondina to that the lift engine thrust.
The final descent to the vertical landin.- is controlled by the lift engine thrust. The
thrust of the cruise engines is not change-l during the whole maneuver. If the aircraft
touches the around the thrust of the lift ez'qines and the cruise engine nozzle an.1le
must be reduced at once to avoid recirculaticrn problems. With tnis procedure the ave-
rage time for a landing transition from the start of the lift engines till touch down
was between 2 - 3 minutes.

Fig. 8 finally s.ows the differences between the used acceleration and dece-
leration values during typic 1 take-off and landinq transitions of the Do 31 and the
theoretically possi-ile values. It can be seen, that fer a take-off-transition these
optimal values are nearly used during the whole transition whereas there is a bia diffe-
rence between possible and used deceleration for a tynical landing transition. Further-more it can be seen, that the recommended 0,5 q acceleration and deceleration values of

the AGARD Rep. 577 is toc high and was used neither for the Do 31 nor for the VJ 101
during 1-nding transition.

2. HANDLING QUALITIES

2.1 Control Accelerations

Fig. 9 shoos the envelope of used control accelerations during 'lover and
Transition flights for both aircrafts. The statistical evaluation showed no significant
differences between the values of hover and transition, so this Fia. is valid for both

flight phases, exept for the Do 31 in pitch, as in pitch larue trimming mo.ments occur
during transition. This will he shown next. The fiqure shows the envelopes of the used
control accelerations in percentage of the used test dates. For instance: 90 % of all
ever used values of control acceleration about the roll axis are for the Do 31 betweenzero and 0.14 rad/sec2 and for the VJ 101 between zero and 0.31 rad/sec2 .

The Fig. demonstrates also the influence of the size of the aircraft on the
used control accelerations as the tyne of the SAS is the same for both aircrafts. There-
fore from this Fiq. it can be concluded that the lower limit of the recommended control
accelerations of AGARD Ren. 577 corresnondb 9cod to larqer aircrafts and the upnet li!,;t
good to smaller aircrafts. The exeption is the yaw: control power of the VJ 101, these
values are smaller than expected due to dynamic structure orobler-s of the heavy swivelling
engine pods. Of course the maximum available control power about the different axis is
much higher, due to the fact, that an enaine failure has t- be tri-med out. -ahle 2 shows
these values for normal conditions in lioverinr, fliaht:

ROLL PITCH YAW
_ _ _ _ frad/seC2l 1l (rod/Sec2i r [rcd/sec2I

DO 31 E 0.76 0.27 0.40

VJ - 101 C 3.0 1.7 0.40
WITH VARIABLE ENGINE RPM

VJ - 101 C 1.0 0.6 0.40
%ITH CONSTANT ENGINE RPM

Table 2 ;:ax. availanc : control po.er

Ps .entioned above larc-o tnininr mo.ments occur at trai.sitinn fliahts with the
Do 31 which consume a large amount of the avai]al]e control power (rin. 10). These large
tri.-minn roments aric dui to oet iniuced eofects, ac will an.-e scrib-t next an duie to
the aerodynanic nitchiner o-ent d mendint on the actual unnle oal attach-, tu dynanic

the center o( qravitt nnsition. The Finure sh.srh also tic t-axi-u' tosant
of ad.ditional control rocrt i :hic was tse(o to control isthrbanctn. Tt t.ha, to lf sair3
that the , rivrln eaas ucscrii b.- the-i worst o ri all ca hs anc! that thoerne" no di ficut',r
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2.2 Effects of the SAS on the used control accelerations

Fig. 11 gives an interesting result concerning the problem of the effects of
autostabilization on the used control moments for maneuvering, which was found by chance
during the flight tests of the Do 31. At this flight the pilot forgot to engage the SAS
and did that only when more than half the transition was passed. It can be seen that
by engaging the SAS the used control moments are reduced significantly.

Fig. 12 shows the Influence of the SAS characteristics on the necessary thrust
for control about the roll axis which was found by flight tests of the VJ 101. As the
flight experience had shown that during actual transitioning and maneuvering towards the
landing spot the pilot only very seldom uses the roll control it was tried to enlarge
the T90 , time to reach 90 % of the commanded attitude, to save thrust. Test with tethe-
red pitch and yaw axis showed that for step inputs and a T90 = 2 sec 5 % of the in-
stalled cruise engine thrust was needed. Using a T9 0 = 2,2 sec this value dropped to 3 %.
Even with this higher value of Tqo =2,2 sec, the aircraft was as well handled by the
pilots as with the T9 0 = 2 sec, but the take-off weight could be increased considerably.
At the same time the sensitivity of the pilots to overshoots was reduced.

2.3 Dynamic Characteristics

Fig. 13 shows the well-known diagram of the control system characteristics,
which are found from moving base simulation. From this results it was found that the
system would have good dynamic characteristics if the natural frequency was about
5 rad/sec and the damping nearly aperiodic. From flight tests with the VJ 101 - and the
results were quite similar for the Do 31 - it was found, that the natural frequency should
be lower and the damping ratio should be higher than found by the simulator tests.
This tendency is even stronger for the pitch axis. The large distance between pilot
position and the axis of rotation makes the pilot more sensitive in pitch than in roll
due to the fact, that pitch angular accelerations produce additional vertical accele-
rations at his seat.

Furthermore it was found from the flight tests, as already mentioned, that
the T9Q can be higher than recommended by AGARD Rep. 577 and that this vdlue is of no
great importance for the pilot opinion of the system dynamics, Tab. 3. From flight tests
with the VJ 10 it was found that it is more important that the time from control input
to angular acceleration on-set (dead tine) does not exceed about 0.05 sec, that the time
to reach 63 % of peak angular acceleration doe- not exceed 0.2 seconds and that very
little or better no overshoot or change in acceleration on higher order systems occurs.
The last two points are very important since overshoot combined with a high time constant
will lead to PIO.

AGARD-REP577 VJ-101C DO 31 E

T90  [sec) 1-2 2-3 2-3

TIME TO 63% OF < 0.2 < 0.2 no dotos
PEAK ACCEL. [sec]

DEAD TIME Isec < 0.1 < 0105 no dotes

Table 3 Control system time lags

The limit cycle experienced in flight te8ts with the VJ 101 0was objected by
the pilots as soon as it would exceed about t 0,3 and 1 Hz or + 0,5 and 0,3 Hz in the
pitch axis. In the roll axis again tiey were less sensitive and would not object limit
cycles up to + 0,50 and I 11z. Here also the strong influence of the vertical accelera-
tion can be seen.

For higher order closed loop attitude systems it is very important to check
for "reversions in the sign of accelerations". Fiq. 14 aives some results of a comparison
between two types of pitch attitude response for a stick step input. The slight overshoot
was not objected by the pilot but the cuperimposed oscillation was objected and the be-
haviour was judged "unacceptable".

2.4 Control System Failures

Failure investigati ns using the V.7-101 showed, that changing from attitude
control to rate control as a failure Pindc can bc handled by the pilots if this happens
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only in one axis. Simultaneous reversions in both axis roll and pitch posed severe
difficulties to the pilots and can result in too high side velocities. Reversion- from
attitude control to acceleration control, in the case of the VJ-l01 accompanied with a
time lag of about 0,2 seconds for acceleration built-up, could not be handled for any
reasonable time to ensure safe landings.

As the SAS of the DO-31 is only a one channel system with an additional damper
in the Roll axis the effects of a system failure were very early investigated by tests
on the pedestral and in flight. It was demonstrated that the pilot was able to control
the aircraft in Pitch and Yaw without any stabilization, in Roll it was possible only
with the roll damper engaged or if the yaw and pitch axis were stabilized. But even
then there was a PIO of + 5 degrees amplitude.

2.5 Sensitivity to disturbances and side step maneuvers

As the necessary lift in hover and transition of both aircrafts is generated
mostly by the engine thrust and not aerodynamically by the wing the sensitivity to
disturbances is very low. It was even found for the Do-31 that the aircraft is more
sensitive to disturbances in conventional flight than in transi !on.

Also, on the contrary to other Jet lift-VTOL configurations there are no instable
rolling tendencies at side step maneuvers. The reasons for this good behaviour are the
endplate-effect of the lift engine jets in che case of the Do-31 and the cruise engine
jets of the VJ-1O1 and the large available control accelerations in the roll axis.
With both aircrafts side step maneuvers up to 5 degrees oZ bank angle are performed
without any difficulty.

Nevertheless it seems to be dubious whether side step maneuvers are of great

practical importance as side wind effects could also be controlled bv a heading chanqe.

3. JET INIDUCED EFrECTS AND HOT GAS RE.CIPCULATI0' PROBLEMS

The jets of the engines induce a flow which produces forces and moments on
the surfaces of the aircraft. The most irportant effects are the lift losses and the
jet induced pitchinq moments.

Due to the special arrange-,ent of the engines in the case of the VJ-101 the
jet induced pitching moment is automatically trirmned without any significant reduction
of the available control moment. In the case of the Do-31, as this jet induced pLtching
moment has to be trimmied out by bleed Rir thrust, there is a slanificant reduction of
the available control moment in pitcn. Fia. 15 gives somn information about the values,
which ar,- evaluated from Do 31 fli.ht tests and which corespond sufficiently to the
windtunnel test results. The most important parameters are the thrust level of the
engines !nd the nozzle angle of the cruise engines. This explains the difference be-
tween t - values of take-off and landing transitions. The lift losses can reach values
of more than 10 % of the total weight at mediurn transition speods or within the ground
effect and the jet induced pitching moment consumes more than 50 % of the available
control moment at lower transition speeds. Within the ground effect the jet induced
pitching moment changes its sign so that the autostabilization system needs large
control momentums at touch down.

Hot gas recirculation occurs, when the hot exhaust gases are reflected on
the ground and are rising again by the so called fountain-effect. These hot oases could
then be re-ingested by the engines, which lead to thrust losses due to the higher inlet
temperatures, to overheating problems of the jet pipes and, if it occurs suddenly, to
pumping of the compressor. So the actua) used take-off - and landing procedures
described before are developed to avoid recirculation as far as poqsihlc. Flying with-
in the ground effect and that means within the recirculaticn area which beanms below
40-50 ft altitude is not possible for both aircrafts.

rig. 16 gives some ideas of the recirculation and jet induced effects on the
touch down sink rate of the Do 31 in relation to the initial sink rate out of the ground:
effect. The inlet temperature of the cruise enaines is increased at normal vertical
landings between 20 and 40 centigrades. The nozzle angle of the cruise engines at touch
down depends on the forward speed and is normaly between 95 and 110 .ecrees. Due to
these effects, which both increase the sinkrate, the initial sink rate out of the ground
effect should not be more than 1 m/s to avoid toc high gear loads.

4. R::-ARK\S TO TIM AGARD-R.P. 577

4.1 General

The new AGARD-!Rep. 577 concerning the Handling Qualities of VSTOL-Aircrafts
is a remarkable iprovement in comparisen with the old Rep. 40.1 A. This could be seen
also from the flight test datas of the presented aircrafts. "':eertheeless there -ire
some remarks from a project engineers standpoint, which can make the Peport even more
usefull for the design of a new aircraft.

5;
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One of the most important purposes of Recommendations like these should be
to give to the project engineer in the early state of a project some information how
much thrust he has to install to guarantee resonable performance and flying qualities.
Furthermore the lay-out should depend from the required missions, the configuration

A and size of the aircraft and the effects of an engine or system failure. For instance
the importance of Flying Qualities in hover flight for the lay-out of a VTOL-aircraft
"the main tasks of which are rescue missions or other mainly hover tasks will be much
higher in comparison to another aircraft, whose VTOL capability is only used to avoid
the use of a ground fixed runway. So, for the latter the recommended maneuvering
capabilities could be of a lower level for instance. The size and configuration in-
fluence was demonstrated in this paper and the effects of engine or syster failure
is mostly a lay-out criterion for multi-engine types of V/STOL-aircrafts. The thrustto weinht ratio (T/W) after an engine failure in combination with a certain

emergency amount of control power will lead to the values of thrust or to the numbers
of engines which should be provided for the project. So especially this point should
be handled in detail within VSTOL-Handling Qualities Recommendations.

An easy way to regard all these different points could be the definition of
certain "Levels" for the recommended values similar to the USPF-M1L Spec. for Handling
of V/STOL-Aircrafts. For instance: Level 1 for mission tasks, Level 2 for normal flight
and Level 3 for emergency like engine or system failure. W1ith these levels the influence
of the special missions and of the configurations could be better accommodated.

4.2 Special remarks

From flight experience and project layout investigatiors we would like to

give some special comments to several detailed points.
- Recommendations for thrust to weight ratios (VW!) at simultaneously actuated

control devices especially for an engine failure case are missed in the Report.
A proposel could be: T/W = I should be possible at the most critical engine fai-
lure with simultaneously actuated control devices for maneuvering up to the half
of the lower limit of the control power for moneuvering in addition to the trim
moments.

- Recommendations for a system failure could be more specified in the following
manner: Control system failures should not lead to large changes in control law
P.g. reversions from attitude to rate control should happen in only one axis and
from attitude to acceleration control should not be possible for any axis.

- For the attitude control systems in pitch and roll there seem to be discrepancies
between the criterias for the dynamic behaviour and the damping criterias.

- For a rate control system in yaw more characteristic recommendations seem to be
necessary, ior instance valups for max. rate change at max. control deflection or
a definition of a permissible heading failure at the end of a yawing maneuvre after a
zero rate command.

- The recommended acceleration and deceleration value of 0.5 q seems to be too high
for normal transitions and should be replaced by 0.3-0.4 g. At the same paragraph
the "simultaneous level flight" should be replaced by "without heiGht loss which
can not be subsequently recovered".

- Flight in recirculation is not an absolute necessity and should be replaced by
safe penetration of the recirculation regioa.

- The initial response e.g. onset of accelerations should have low values, whilst
the T for angular accelerations is only of interest as far as the stability of
the cised loop system is concerned.

- As already mentioned above the control lags are onlv of importance when
accompanied with overshoot that is poor velocity damping.

- The catalogue of the "Maneuvers for V/STOL aircraft handling-qualities evaluation"
in the Anpendix is too extensive for a practical use und from our standpoint it
overvaluates the hoverina capabilities which are for the handlina of the VJ 101
and the Do 31 not as important as the transition techniques or the behavior of
the total system with the characteristics of the SAS included. Therefore from
the actual experience of simulation and !light testing it must be possible to
revise this Appendix to give a more practical guideline for the simulation and
flight test work.

AA
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LEAD DISCUSSIONZ•

by

JEROME TEPLITZ
Program Manager, Flying and Handling Qualities

FEDERAL AVIATION ADMINYSTPATION
Washington, D. C. 20591

Before powered-lift V/STOL aircraft can be utilized comuercially, several important questions must be
answered. What performance and safety n'argins are required? What operational limitations must be esta-
blished for routine commercial operations? But first and foremost - What handling qualities must these
V/STOL aircraft have to permit slow, steep terminal area flight patterns under instrument as well as
visual flight conditions?

The Federal Aviation Administration (FAA) has only recently undertaken its own R&D programs to obtain
solutions to some of the civil aircraf*, handling qualities problems which nave been identified as impor-
tant to civil aviation. Since 1967, the FAA has worked in close cooperation with NASA ard the U.S.A.
military services in R&D utilizing the most modern experimental facilities for handling qualities research.
We have sponsored, and are now jointly supporting handling qualities research using the Princeton
variable-stability Navion, the Air Force-Cornell T-33 and TIFS variable-stability airplanes, the NASA-Ames
S-16 and the new FSAA moving-base simulators, and tie NAVAIR X-22A variable-stability V/STOL flight
research aircraft.

The objectives of this work are to develop quantitative and qualitative flight characteristics criteria
for aircraft system design and for civil certification to define optimum characteristics, to evaluate
tradeoffs in design factors and to establish minimum standards for airworthiress certification. This
work is intended complement research by NASA and by the military services, but directed toward civil
aircraft configurations and regulatory applications. We like to believe that we are making useful contri-
butions to the body of knowledge needed for new aircraft design and certification, and to assure safe,
routine operation of advanced civil airrraft of all types.

Reading the paper on V/STOL handling qualities criteria for the VJ-101C supersonic fighter, and the
DO-31E trhnsport aircraft - one is impressed not only oy the ingenuity of these design conchptse but also
inevitably by the commonality of experience reported for these V/STOL designs and of nearly all of the
other V/STOL aircraft developed thus far. Almost all have experienced major accidents during their fliht
operations. Very few of these accidents have been directly attributed to the handling qualities of those
designs. Many have been one-or-two-of-a-kind vehicles, relative low-budget, intended for exploratory
research, and utilizing relatively unproven power plant or flight control concepts. The DO-31 is perhaps
unique in that flight testing was terminated by choice rather than by necessity. As noted in the Committee's
latest report on V/STOL handling qualities criteria, AGARD Report No. 577, the preponderance of the results
of flight tests of these vehicles relate to performance and f1•ght safety considerations. Only limited
lata relevant to the development of V/STOL handling qualities criteria are available, and much additional
research remains to be done to resolve the critical handling qualities problems associated with low-speed
flight regimes - approach and touchdown, hovering, transition or conversion, and related emergency flight
conditions.

A new set of stability and control design problems has emerged for V/STOL aircraft. For conventional
airplanes, control power frequently has been equated with good handling qualities, especially where rapid
maneuvering dominates mission requirements and critically affects structural weight and payload. With
most V/STOL research vehicles, however, maneuvering control power has not been the problem. Indeed,
experience with the VJ-lOl and the 00-31 indicates that maneuvering control requirements were easily met -
but trim and stabilization requirements such as trim changes in ground effect require the capability for
rapid response to control application. It appears that adverse ground effects are going to be a fact of
V/STOL life, and certiftication and operational criteria are bound to be influenced drastically thereby.
Satisfactory touchdown characteristics may be more critical and harder to achieve than good approach
handling qualities - which heretofore has generally been the critical low-speed design problem.

Moving ground plane tests of heavy-wing-loading STOL transport airplane configurations indicate large lift
and drag reductions plus ncse-down trim changes as the airplane approaches the ground in the powered-lift
landing configuration. Some unpublished simplified three-degrees-of-freedom analyses of a constant-power,
open-loop, elevator flare maneuver, varying flare rate and flare initiation height are indicated in
Figure 1. Typical values of pouered-lift STOL transport aircraft characteristics, stall margin, approach
speed, powered-lift effects and longitudinal control characteristics were assumed. Touchdown sink
rates appear to be very sensitive to flarp initiation altitude and wing position. The results indicate
an inability with elevator alone to arrest completely the sink rate, and only a narrow range of flare
initiation heights to achieve minimum sink rates at touchdown.

Additional direct lift contiol could be used to fully arrest the sink rate. It would appear that the
assumption of constant pow.r is valid in this case because of the short-time period involved in the
flare maneuver and probable flare engine time constant which would require very orecise po--er control
action by the pilot in addition tc his other duties.

A related concrol problem which not yet received its due attention is that of rolling and yawing
moments resulting from asymnetric jet-induced interference effects near the ground. It is only touched
on in AGARD Report No. 577 on V/STOL handling-qualities criteria. Sideslipping near the ground or
operation in crosswinds can impose very significant lateral control power requirements for aircraft
designs with nigh effective dihedral. Even with a VTOL aircraft, it is not always possible to head
into the wind to avoid crosswinds. l ikewise. yawing moments resulting from differential inclination
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and magnitude of the lift vector with banking in ground effect can exceed the available yaw control
power. Here mechanical interconnects or control mixing may be particularly troublesome if automatic
stabilization is not available, if control system lags are hith, or if control response is sluggish.
NASA tests of the XC-142 indicated that available yawing moment control to counteract asymmetric
yawing mo•ents, near the ground, are exceeded above the bar. angles of about 8 degrees (see Figure 2).

Related problems due to ground presence - recirculation and ground erosion due to Jet exhaust are of
course well kncwn - and were described to be severe for both the VJ-101 and DO-31. Afterburners for
takeoff as available with the V.1-101 may oe useful under very special circumstances, but. impose
drastic operating restrictions. Recirculation problems mnay be alleviated somewhat by making takeoffs
and landings at low forward speeds rather than vertically, and with minimum time spent in ground effect.
Immediate shutdown of lift engines after touchdown is required to avoid high inlet temperatures,
thereby increasing the pilot's workload. ',.r the DO-31, NASA reported that the effects of suckdow,ý
due to pressure forces and engine thrust loss due to exhaust gas ingestion combine to result in an
incremental downward acceleration of about 0.lg, and an induced impact of about 8 feet per second
during a typical vertical landing. The NASA tests (Reference 2) indicated that below about ý5 feet,
the landing commitment is definite because of concern over reingestion and power availability.

The VJ-101 and DO-31 VTOL tests confirm that the pilot workload during transition or conversion and
during landing represents a most difficult challenge to the VTOL control syste, designer. The variety
of conversion concepts avaiiable to the VTOL designer such as to tilt the thrust unit, to swivel the
nozzles, or to use separate or additional propulsion systems for hovering and cruising, require additiondl
operations to be carried out by the pilot, and very likely require new or unusual flight-path control
techniques.

Both the VJ-101 and 0O-31 emnloyed sophlsticae;d command control and stability augmentation syst.ems for
use below transition. Attitude stabilization was considered mandatory by the NASA pilots for VIOL
operation of the D0-31 because of the workload involved in power management. With the attitude-:onmand
control system about the pitch and roll axes, the DO-31 could be comfortably Flown down to breakot
at about 200 feet and flare initiation. The control and attitude stabilization systems allowed the
necessary attention to be paid tc power management, because of the pilot's capability to readily arrest
the sink rate. With the tilt-wing, propeller-driven XC-142A VTOL,low-gain attitude stabilization plus
a power-command flight director allowed pilots to concentrate on powered-lift management problems
.nvolved in backside operation, and resulted in much improved ILS tracking performance over that ,tith
a rate stabilization system. See Reference 3. At the slow approach speeds, typical of VTOL airc'aft
and without attitude stabilization, the pilot's total workload during precision approaches will very
likely be excessive because of the lack of strong acceleration cues to warn the pilot of attitudE
divergence.

Achievement of desirable handling qualities, even for the unsophisticated small airplane, has proved
to be extremely difficult by aerodynamic design treatment. Aerodynamic improvements to an aircraft
design are rarely made solely to optimize handling qualities or to reduce pilot workload, but rather
to provide for minimum satisfactory or acceptable handling chardcteristics to exploit the intended
performance or mission effectiveness. Experience thus far with thp various V/STOL aircraft concepts
indicates that stability and control augmentation will be required to compensate for inherent deterio-
ration in handling qualities because of weight and speed factors. We should increase our handling
qualities to research on advanced flight control system concepts to learn tne types and levels of
augmentation and command responses that optimize pilot-vehicle performance for the various flight
mission phases. We also need to continue to develop related design and analytical techniques for the
flight control systems as well as for the basic airplane.

The traditional approach to handling q'ualities research has been to relate the pilot's descriptive
evaluation of relative handling quality to the dominant parameters describing the aircraft response.
With the coimnand augmentation system, the command model is the dominant characteristic and pilot's
evaluation of the augmented aircraft response must be in terms of its closed-loop characteristics.
With modern data processing techniques, it is possible to devise suitable quantitative measures of
quality to replace subjective pilot opinion. Pilot workload or closed-loop task performance in the
context of the mission requirements is readily aeasured and analyzed by machine data processing. Quan-
titative measures of handling quality must be developed to eliminate the problems of test pilot vari-
ability because of differences in training, experience, technique, personality, bias, etc.

Mr. Wunnerberg suggests an interesting variation of the U.S.A. handling qualities MILSPEC approach to
the "levels of flying qualities." He would accept Level 2 for "normal" flight, reserving Level 1 for
mission tasks, and revertii,g to Level 3 for emergencies. The MILSPEC defines level of flying quality
in terias of adequacy for mission flight phase - but includes all the usual flight phases as "normal"
flight. Level of flying quality is related directly to failure state and the operating point in the
operational or service flight envelope. Level 1 is specified in the MILSPEC as the normal state within
the operational flight envelope.

A matter of special concern to the FAA is the relation of the pilot opinion rating scale and the level
of flying quality to the so-called "minimum acceptable level" of safety for civil aircraft certification.
The United States enabling statute, the Federal Aviation Act of 1958, calls for the highest possible
level of safety in scheduled airline operations, Sec. 601(b), but paradoxically requires only such
minimum airworthiness standards for aircraft as are reasonably required in the interest of safety,
Sec. 601(a)(l). The FAA transport airplane certification requirements implermnting the statute, Federal
Avi;i•on Regulations Parts 21 &nd 25, imply FAA determination of a level of safety and requires consi-
deratin of probable system failures in the establishment of that minimum acceptable level of safety
in operations. This philosophy adopted for civil certification may *e closer to Mr. Wunnerberg's
suggestel Level 2 thee the Level 1 of the military specification.

It is difficult to relate the civil "minimum acceptable level of safety" quantitatively to the MILSPEC
"level of flying quality" and to "airplane failure state." The Cooper-Harper pilot opinion rating
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system recognizes that the combined rating degradation caused by two or more poor flying quality para-
meters can be significantly worse than the degradation caused by any one of them, bu: this Droblem has
hot been studied to any great extent by the military services. The M!LSPEC sets Level 2 as havinq a
numerical pilot opinion rating 3h to 6½ (descriptively as having deficiencies which warrant improve-
ment). Level 3 carries a pilot opinion rating above 6½ - characterizing deficiencies--whMc requOre
improvement or excessive pilot workload. The MILSPEC specifies a reasonably probable (Level 2?-fa lure
as occurring with a probability of 10-2 per flight within the operational flight envelope, and 10-4
within the service flight envelope.

There are no sir.tlar failure probability values similar to thc military values established in the civil
requirements. The civil requirements, on the other hand, primarily relate to effects of system failures
on performance rather than on handling qualities. The differences in criteria and intended application
make detailed comparison of the civil and military requirements not always feasible. This is only one
facet of the FAA problem in applying the criteria derived from MILSPEC - related handling qualities
research to the establishment of 'ivil airworthiness regulations. We have made a start on this,
however, and we hope soon to begin to investigate the problem of multiple degraded characteristics
on minimum acceptable level of safety, under carefully controlled-conditions, which is possible with
the use of available ground-based and in-flight simulators.
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CRITERIA TRENDS OBTAINED FROM ANALYSIS OF CURRENT AIRCRAFT

Charles E. Adolph
Chief, Fighter Projects

Performance & Flying Qualities Branch
Air Force Flight Test Center

Edwards Air Force Base, California 93523

INTRODUCTION

At the Air Force Flight Test Center, we are actively involved in the test and
evaluation of USAF aircraft. In the past, the criteria used fox our flying qualities
evaluations have been, for the most part, the design criteria. Evaluating an airplane
against design requirements is certainly essential. But tie have often found that an
evaluation which is limited to only design criteria is incomplete and leaves many
unanswered questions. First, there is the problem of correlation of the requirements
with the adequacy or suitability of the airplane, particularly for those cases for
which the design criteria are not met. What is needed, at least for certain cases,
are parameters which can be more directly correlated with aircraft flight phase tasks.
Secondly, there are some requirements which are not readily translatable into either
design or test guidance; e.g., the requirement that an airplane be spin resistant is
a qualitative one which really furnishes no guidance to either the designer or the
flight test evaluator.

This paper discusses the need for developing additional criteria specifically for
evaluation purposes. Also included are discussions of several other topics in the fly-
ing qualities area which have been recurrent items of interest in our recent evaluations
of high performance aircraft. Included are comments on high angle of attack criteria,
an overview of the results from evaluations of aircraft equipped with control augmen-
tation systems, and a summary of our limited experiences in anplving MIL-F-8785B
(reference 1).

CORRELATION OF CRITERIA WITH! MISSION TASKS

One of the major problems confronting us today is the task of evaluating the
effectiveness of an aircraft in terms of its mission. Regardless of the mission of
the airplane, the flying qualities and performance of the air vehicle comprise the
foundation upon which the fighter, bomber or cargo weapon or support system is built.
Personnel in tha flying qualities field often assert that when a choice must be made
between improvements in either performance or flying qualities at the expense of the
other, perforvtance is the inevitable winner. If this is true it is because Perform-
ance criteria can be more directly correlated with mission accomplishment. Express-
ing performance capabilities in terms that are meaningful is a relatively simple
task; deficiencies in takeoff performance, airplane range, maneuvering performance
or engine out performance are easy to relate to mission effectiveness. The signifi-
cance of not meeting a flying qualities requirement such as roll rate, stick force
per g, or damping ratio is somewhat lesr obvious.

Past stability test programs have usually consisted of a quantitative evaluation
of the airplane against flying q!ualities design criteria as well as a pilot qualita-
tive evaluation of handling qualities. A. a result it has been difficult to convince
program managers that improvements are needed when specifications are not met unless
a deficiency can be unequivocably tied to safety of flight. These remarks should not
be construed as being critical of program managers. On the contrary, test and evalu-
ation procedures and criteria must be refined to relate flying qualities more directly
to mission capabilities. The varameters must be directly correlatable with mission
effectiveness. We must provide program managers with direct evidence that improving
flying qualitics in a given area is a worthwhile investment, and will result in an
improved weapons system. In other words, our recommendations for improvement must
have a more substantive base than failure to meet design criteria.

There are those who argue that meeting the snecification criteria is synonymous
with providing flying qualities that are adequate for the mission. '.hile this may
be true, at least insofar as the Level 1 requirements of reference 1 are concerned,
the converse certainly does not always apply. We do not know, a priori, what the
consequences of not meeting the requirements are, at least insofar as mission accom-
plishment is concerned. The Level 1 requirements of MIL-F-8785B, by definition,
represent flying qualities that are clearly adequate, whereas the Level 3 flying
"qualities are such that the airplane can be controlled safely, but pilot workload is
excessive or mission effectiveness is inadequate, or both. The extremes of the spec-
trum are easy to evaluate, but the need for improvement for the cases between Levels 1
and 3 - the larac "gray" or marginal area - can only be determined in man- instances
by using a standard other than the design criteria.

There io another problem in using the design criteria of MIL-F-8785a as the only
evaluation criteria. The design criteria are, of necessity, specified on a piecemeal
basis. Taken individually, the renuirenents are necessary but rot sufficient condi-
tions for flying qualities which range on a qualitative scale from ontimum to mar-
ginal. In evaluating the airplane, care must be taken not to focus too hea-ily -n a
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piecemeal evaluation to the exclusion of really performinc.- a good evaluation of the
aircraft in terms of the tasks it will be used for operationally. All too often, the
classical, historical flying qualities evaluation has been a piecemeal approach. For
the most part, only one axis has been evaluated at a time, at a series of fixed flight
conditions. In so doing not enough attention has bppn paid to the criteria in toto.
Combined effects must also be assessed under highly tzansient conditions and a certain

* degree of pilot preoccupation must be added. To dn this effectively we must concen-
trate far m.ore heavily on evaluating the aircraft in mission-oriented tasks. Examples
of such tasks are various highly transient air combat maneuvers such as gun firing
(simulated and actual) during high g decelerating turns, the highly transient air-
to-ground weapons delivery maneuvers, the previously mentioned ground controlled
approach, and so forth. Obviously, the findings from each evaluation must be used
to refine the design criteria for subsequent procurements. To do this, the parameters
measured must again be separated and isolated. This is no simple task as those who
have worked on updating MIL-F-8785 are well aware.

How can we orient a portion of our flying qualities testing more directly towards
flignt phase tasks? Let's use an air superiority fighter as an example. For -.his type
of aircraft, the ability to maneuver to a lethal position for the emoloyment of mis-
siles and/or a gun is of primary importance. Phe process of maneuvering into posi-
tion is currently called the conversion process. Conversion capability in an air-
plane is a function of flying qualities, performance, and visibility when human
factors (pilot skills) are eliminated. In thc flying qualities area, what is the
relative importance of each of the following: lift-limited capabilities (instanta-
neous g available), roll rate, roll response, longitudinal stability and control (e.g.,
damping, force gradients), lateral-directional stability and control? It is essential
that the relative importance of each factor be known to eliminaue lost motion during
the development cycle and when making improvements to later models of a given airplane
type. Recent studies by the NASA Flight Research Center at Edwards Air Force Base
have demonstrated that handling qualities deficiencies as related to air-to-air track-
ing can be identified and isolated by performing tracking tasks using a fixed reticle
gunsight which is photographed, and then observing the pipper motion relative to the
target aircraft. As an example, in a case in which a lateral-directional problem
caused degradation of the tracking task, the pipper moved across the target with
side-to-side motions, in spite of the pilot's best efforts to effect precise track-
ing. Likewise, vertical motions of the pipper were evident with a problem in the
pitch axis and irregular circular patterns existed when wing rock was encountered.

Tracking tas,.s were used by the Air Force Flight Test Center to ev.-luate vari-
ous flight control system configurations on a specially modified airplane with a
developmental control aucpmentation system (reference 2). Pilot opinion ratings, com-
bined with a quantitative assessment of the ability to track, were used to optimize
the system.

There are other illustrations of the need for this task-oriented approach. In
two recent evaluations, test personnel were not certain of the magnitude and severity
nf problems that could arise from marginal power approach configuration speed stabil-
ity characteristics until mission-oriented tests as well as classical piecemeal fly-
ing qualities evaluations were completed. Traditional tests had indicated a poten-
tial problem area, which could not be &.ssessed in terms of airplane effectiveness
until mission-oriented tasks were performed. For one airplane, the magnitude of the
problem was apparent when angle of attack excursions of several degrees were experi-
enced when attempting minor corrections during a ground-controlled approach. In an-
other airplane, aft cg landing characteristics were evaluated during approach and
landing by a number of pilots in calm and turbulent air. The original objective of
this evaluation was to determine an aft cg limit for stability augmentation system
off operation as classical stability tests had indicated marginal longitudinal sta-
bility characteristics. The pilots found, however, that directional rather than
longitudinal characteristics were the major area of concern with the stability aug-
mentation off. The directional mode perturbations tended to mask the low longitu-
dinal static margins during the aft cg landings. Further, the pilots noted very
little difference in the aircraft approach and landing characteristics with all
stability augmentation on and with only the pitch augmentation off. The point here
is that evaluation personnel arrived at two different recommendations relative to
improvements in longitudinal stability and these recommendations were meaningful only
because of the insight providcJ by performing mission-oriented tasks. In addition,
the mission-oriented tasks had been preceded by compehensive stability tests using
the traditional approach. In retrospect, it woald have been better to accomplish the
mission-oriented tasks early in the test cycle to better identify problem areas.

The AFFTC has initiated a program to develop and refine test techniques which
will provide a rapid means for evaluating handling characteristics as they effect
precise maneuvering reauirements in accomplishing the primary mission. The program
should develop evaluation procedures to quickly isolate those portions of the flight
reroime where the airplane is deficient. A detailed investigation of the causative
factors can then be made using more conventional flight test techniques. This is
in contrast to past programs where we have tested throughout the flight envelope at
a number of altitudes and speeds, comparing flying qualities with specification
design criteria. Mhen the criteria were not met, we were frequently unsure of the
real need for improvement.
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CONTROL AUGMENTATION SYSTEMS

The design trend, over the past 15 years for high performance aircraft, has been
toward a steady increase in the relative contribution of the augmentation system in
meeting flying qualities requirements. The trend has been made possible by major
advances in flight control system technology. The trend has been made necessary by
an ever-increasing flight envelope.

in the past several years, this evolutionary process in flight control system
design has progressed to control augmentation systems, where aircraft response, rather
than control surface position is commanded. With this tvye of augm...z .ation system it
is possible to achieve certain "optimized' uniform flying qualities through a wide Mach
number, angle of attack and airplane cg range. In so doing, the inherent aerodynamic
response characteristics are masked to a high degree.

The ability to suppress or mask the basic aerodynamic characteristiis has some
disadvantages as well as advantages. On the positive side, it is possible to ntmas
undesirable aerodynamic characteristics. These systems have j,.covided some rather
spectacular improvements in flying qualities when incorporated on airplanev which had
previously been equinped with more conventional stability augmentation systems. As an 4

example, on one airplane, transonic "Jig-in" tendencies were essentially eliminated,
by suppressing the basic aerodynamic characteristics which are, of course, changing
markedly with Mach number in the transonic zoeed range. The net result was that it
was possible for the pilot to maintain precise control of the airplane in a high g
decelerating turn. With the production configuration it would not have been possible
to perform a precise tracking task in the transonic region. With the control augmen-
tation system, it was possible to nrovide maneuvering stick force gradients, which were
highly linear and which did not vary significantly with Nach number or angle of attack.

A control aucmentation system can also stabilize the longitudinal and lateral-
directional oscillations normally associated with high angle of attack flight making
it possible to effectively use a larger angle of attack range. From an operational
viewpoint, this is a desirable feature for maximum combat maneuvering effectiveness
and precision air-to-air and air-to-ground weapons delive-r".

There are disadvantages associated with the ability to mask certain undesirable
aerodynamic features. With a conventional system, the pilot usually has cues result-
ing from a gradual degradation in flying qualities uith cg movement, or with increas-
ing angle of attack as he approaches a stall. When flying qualities continue to be
good even through the airplane is being flown into an area of degraded basic airplane
stability characteristics, the nossibility of inadvertently maneuvering into a poten-
tially hazardous area exists. In several cases this has led to inadvertent flight at
conditions well outside safe angle of attack limi-P and, in another instance, well
aft of a safe cg limit.

The ideal combination of these features, of course,is to retain the excellent
flying qualities through a large envelope but at the same time provide the pilot with
positive cues when he approaches a limit, or insure that he does not inadvertently
exceed safe ]imits. Since many of the cues which were, in the past, provided by the
basic aerodynamic characteristics of the vchiclle have been eliminated, attention must
be given to insuring that adequate substitutes are provided. The high angle of attach
case will be discussed separately.

As was noted earlier, many of the stringent flying qualities criteria have been
satisfied in recent airplanes through augmentation systems rather than as a result
of basic airframe aerodynamic characteristics. There are a number of people who believe
that this is an unhealthy trend. However, sorre of the features considered to be highly
desirable, e.g., certain optimized uniform flying qualities throughout a wide Mach
number, angle of attack and cg range are very difficult, if not impossible to achieve
aerodynamically since aerodynamic characteristics do vary widely with each of the
aforementioned parameters.

In summary, with a fea' e:xceptions, the control augmentation systems currently in
being are -vered by the current flying qualities criteria. The problem lies with
insight in application as the criteria have, for the most Part, evolved from evaluations
of classic aerodynamic characteristics.

HIGH ANGLE or ATTACK CPITrnI•

Loss-of-Control Prevention

In our design criteria, we legislate aqainst departures and snin susceptibility
with the requirement that "neither post-stall gyrations nor snins shall be readily
attainable for (a variety of entry conditions) except :y prolonged gross misapnli -

cation of controls". (Reference 1) How often have these criteria been met in recent
fighter-type designs? Let's assume that :e have an airplare w:hich has poor aerodynamic
stall warning, or thc warning is masked by a high authority stability auanentation
system, coupled with a lack of acparture and snin resistance. N.iat courses of action
2re available? Basically there are two - t:ie dcsigner can attemnt to make aerodynamic 1
refinements or he can artificially ,rovidc the necessary warning and loss-of-control
resistance. Artificial stall .;arninq devices arc qenerally accented toda-,; however,
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ther.e, is still eonsidezable resistance to the use of snin resistance or loss-of-control
prevention devices. A loss-of-control prevention device is the only positive means
of eliminating aircraft losses due to stalls, post-stall g9,rations and snins in high
performance fighter-type aircraft that are not highly resistant to de-arture. There
are two basic tvnes of loss-of-control prevention systems; one which activates the
control stick such as a stick pusher, or one in which control is anr]ied througn the
stability augmentation system to the control system itself. The choice of which means to .JJ

employ depends, to a large extent, on the tvoe of stability augmentation system in the
airplane. If predictive studies indicate that the airnlane will not oe departure-
resistant the .i•velopment of a loss-of-control prevention device should be initiated
early to prevent e-qtly delays and hardware changes in case initial flight test results
prove that the device is necessar-y.

There is a real need to meet the denarture-,-esistance criteria in a fighter type
aircraft. Artificial angle of attack limiting i.; not an ideal solution but it ir much
better than no solution. Similarly it would be prelerable to be able to provide ex-
cellent flying qualities throughout a wide flight envelope without having to resort
to a high authority stability augmentation system. However, stability and control
augmentation are acceptae is means of meeting the flying qualities criteria in our
specifications, except whesi it comes to providing a high level of departure resist-
ance. The use of .loss-of-control prevention device is no different in principle
than permitting . se of stability augmentation to satisfy other criteria which
would otherwise n . be met.

Artificial Stall W:arning

For those cases in which aerodynamic stall warning is inadequate, a suitable
artificial stall warn -. sys'em must be provided ti satisfy the stall warning criteria
of 6IL-V-8785D. What constitutes adeauate aerodynamic I;arninq is described in detail
in the specification. Suitable Prtificial devices are not addressed. It has been our
experience that, for a fighter tvne airplane, a device which provides positive stall
-•arnixi• without refezence to a cockpit instrument is essential. Lights are unaccept-
"--1e f,'r fi hter applP,:ations. Rudder pcdal shakers have proven to be inadequate for
- veral r- ascns. 'ohe sha,:er is often masked by a wide band of airframe buffet, or
.ff-t 'ith cxc.rnal stores, gui:fire vibrations, and the shaker requires that the
,ot's feet ' -- 'mly on the rudder nedals. Stick shakers have proven to be acceptable
".ficK4; W.j': •.• •evices. 4

"ALL/SPIN . ITLRI1\

In thUL a ± of 1970, the ArPTC was tasked with nreparing a renlacement specifi-
cation for MIL-S-25015 (USAF), Spinninq Requirements for Airplanes (reference 3). The
previous specification was considerec to be outdated because it did not place enough
emphasis on the anqle of attach: ranec between maximum usable lift and the noint at
whic I aircraft enters a fully develoned snin. In 1970, a test program was accom-
plisheo by the AVFTC on an '-4L. During this nrogram, a detailed investigation of the
oost-stall, nre-fully developed snin region was made. This test program, which was
reported on in a previous AGARD paper (reference 4), nrovided much of the experience
upon which the new ipecification, (reference: 5), was based.

Rationaie Behind The S.pecification

The flight test demonstration maneuvers required in the new specification are shown
in Ta~le I, taken from reference 5. This tazle i, a structured matrix o four test
phaies, designed in logical test progression from initial stalls with imm.diate recovery
attempts, to stalls with agaravated control inputs, and from there to agaravated inputs
with delays.

lEach test phase includes both one g and accclerated stalls. Additionally, stalls
are acconplished both bv slow:ly increasing angle of attack, and by abruptly increasinq
it. The degree of the abruptness is increased commensurate with the phase. ror fighter-
type aircraft and certain typen of trainers, stalls are accomplishnd from tactical
entries; e.g., from the types of maneuvers that would be associated %,,th air combat
maneuvering in an air superioritv fighter. The deqree of resistance to departures and

* spins is associated with the specification trst phases as is sho-wn in Table II, taken
from reference 5. The taLle represents a qualitative definition of departure and spin
resistance.

SCvvmiZTS O:. S-s.cirIC MI],-F-q875B CRITFRI4

Air rorce "liqht T:est Center nersonnel recentl;y comirieted a test on an aircraft
equipned with an exnerivental control aunmentation sstem (reference 6). This system
proviýded a dramatic improverent in trackin. capability .1ut the test results in several
areas zshowucd only minor improvements n;iien comparisons he ere made with MIL-F-8785D. The
changes in the snecif.cation parameters were not indicative of the dramatic improvement
in tracking capability, which has occurred. In fact, in several key areas which would
annear to relate to fracl:inq canability, the aircraft fell outside or on the boundaries
of the specified limi.n, i.e., stick force per g gradients were low, short period
natural frequency %:was tot. low for the corresponding ratio of load factor to angle of
attack, (n/n), and roll-yaw coupling requirement- were not met. A majority of the
stick force pcz g gradient.; -..ere blo': the MIL-:'-8785B minimum of 3 nounds per g* however,
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the gradients were highly linear. When evaluated during tracking tasks, the low gradi-
ents were not considerea to be objectionable, on the contrary the flying qualities were
considered to be excellent.

In the User's Guide for MIL-F-87858 (reference 7), it is recognized that airplaneswith certain type of stability augmentation systems, such as maneuver command systems,
have zero gradients of longitudinal control force and position with speed yet can be
quite stable with respect to external disturbances. In evaluating an aircraft equippedwith an augmentation system which functioned as an autotrim device, it was found thatthe absence of any trim requirements accompanying an airspeed change was a desirable

feature, particularly for highly transient maneuvers where speed was changing rapidly.
This eliminated the need for continuous trimming by the pilot and he could concentrate
on the task.

In MIL-F-8785B, the nonterminal flight phases (other than takeoff, landing, and
associated maneuvers), are broken into two categories, the Category A tasks that re-
quire rapid maneuvering, precision tracking or precise flightpath control, and the
less demanding Category B tasks that are normally accomplished using gradual maneuvers
and without precision tracking. There are operational flight envelopes associated
with each Category and the appropriate flight phase task(s) fcr the airplane. As an
illustration, for an airplane vith a ground attack mission, the stringent ,!IL-F-8785B
requirements for flight phase Category A apply up to limit load factor and up to
medium altitude, Hoever, above a .,s::dium altitude the requirements ap')Iy over a muchsmaller envelope in terms of normal 1,o.ad factor (0.5 to 2.3 g's), For an aircraftNwith a ground attack mission, thG cz.:, depending upon interpretation, result in very

f.ew requirements above an altitu4. of roughly 20,000 feet and at load factors greater
than 2.0. This has already been ft.ind to be a potential problem lxrea in applying the
specification.

In summary, except in! .>;: United areas previously mentioned, we have not yet evalu-
ated an airplane against tLe L-itcria in the new flying qualities specification (refer-
ence I, but will do so in th, rn,-ar future when we begin our evaluations of the F-15,
A-9, A-10, and B-IA. In an(.t: er two to three years, we will be in a better position
to judge the adequacy of these criteria.
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TABLE I

FLIGHT TEST DEMONSTRATIOn' MANEUVERS

MANEUVER REQUIREMENTS
TEST
PHASE CONTROL APPLICATION STALL/DEPARTURE ENTRY CONDITIONS

A Pitch control applied to achieve 1) Slow AOA Rate
Stalls the specified AOA rate, roll and Abrupt AOA Rate

yaw controls neutral or small (normal and accelerated
lateral-directional control inputs stalls)
as normally required for the
maneuver task.

Recovery initiated after the 2) Tactical (aircraft attitude
pilot has a positive indication the AOA xate appropriate to
of: the simulation)

a. A definite g-break or
b. a rapid, uncommanded

angular motion, or
c. the aft stick stop has been

reached and AOA is not
increasing

d. sustained intolerable buffet

B Pitch control applied to achieve
Stalls with the specified AOA rate, roll and
Aggravated yaw controls As required for the
Control Inputs maneuver task. When condition a,

b, or c from above has been attained,
controls briefly misapplied, inten-
tionally or in sinulated response to
unscheduled aircraft motions, before
recovery attempt is initiated.

C Pitch control applied to achieve the
Stalls With specified AOA rate, roll and yaty
Aggravated and controls as required for the maneuver
Sustained task. When condition a, b, or c
Control Inputs has been attained, controls aremisapplied, intentionally or in

simulated response to unscheduled
aircraft motions, and held for sev-
eral seconds before recovery attemptis initiated.

D Pitch, roll and yaw controls applied 1) Abrupt AOA Rate
Spin Attempts as required for the maneuver tash.

When condition a, b, or c has been 2) Tactical
attained, controls applied in the
most critical positions to attain
the expected spin modei of the air-
craft, and held for an extended
time before recovery attempt is
initiated. (This Phase required
only for training aircraft which may
be intentionally spun and for air-
craft in which sufficient departures
or spins did not result in Test
Phases A, B, or C.)
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TABLE II

SUSCEPTIBILITY/RESISTANCE CLASSIFICATION

(determined by Test Phase in which departures/spins first occur)

CLASSIFICATION
_"-" Departures Spins

A - Stalls extremely extremelySsusceptible susceptible

B - Stalls with aggravated susceptible susceptible
control inputs

C - Stalls with aggravated
and sustained control resistant resistant
inputs

D - Spin attempts extremely extremely
resistant resistant

1

C

'.

A -



OPEN DISCUSSION

N.D. White, NASA Ames, USA

In connection with the talk of stall entry control appl!cation, is there any ind5cation from
evaluating pilots as to whether the appropriate cut-off level for control application may be set below
the most aggravated case as a function of airplane mission, operational experience, etc? s

C.E. Adolph, AFFTC, USA

It Is our opinioa that for fighter aircraft you want to go to full pro-spin controls. This may
not be true for cargo aircraft but it is true for fighter aircraft, because sometime in service some pilot
will get into these conditions and you want to be able to tell him how to recover. You must take the
test in steps, not just forcing It into a spin. There are cases where during the post stall gyration and
departure, corrective measures could be made to prevent the spin.

A.G. Barnes, BAC, UK

Mr. Adolph says that several aircraft were flown with stick force per g less than the 8785B minimum
of 3 lb/g and were well liked by pilcts. The military requirements of UK (AvP 970), France (AM: 2002c),
and Sweden all allow a minimum of approximately 2 lb/g. The McDonnell analysis of F-4 data supports this,
and our flight experience with Lightning and Jaguar confirm it.

Designing to a high minimum stick force per g for an aircraft with a large cg range usually means
that very high stick force per g will appear at forward cg - perhaps 12-15 lb/g at operational conditions,
unless complexity is added to the flight contro3 system.

Thus there !s evidence for a reduction in minimum levels, and a design penalty if it is not
reduced. Perhaps I should address Mr. Westbrook. What is the mechanism by which MIL-8785B is changed?

C.B. Westbrook, AFFDL, USA

If the problem arises duri:;g the development of a particular system, then Mr. Carlson of the
particular SPO would be involveo. In setting up he requirements we have tried to include a mechanism
by ihich requirements can be changed. These changes can be during the design stage or later. The
process, which requires coordination with other organizations, could be done in three to six months.

Sqn Ldr D.C. Scouller, RAF/ETPS, UK

You have said that you have found in military aircraft acceptance testing that while using the
mul specs as the general basis, you now find it necessary to compare the aircraft's behaviour against
its mission. This vividly illustrates the danger of checking an aircraft against mil specs as though
they were a shopping list. I would argue that you must write your test schedules so that the ability
of the aircraft to perform its rission is the primary aim of your investigation.

You spoke of the use of artificial methods of stall prevention. I would like to stress that it
should be impressed upon the design staff that good natural stall behaviour is the best solution and
that artificial methods should be a fallback solution.

While endorsing your new approach to stall/post stall/spin investigat4n I could not see the
pLrpose of classifying spin resistance in tabular form. I think a verbal ,tet:iption, e.g., "pronce to
spin" is better.

C.E. Adolph, USAF, USA

The table is nothing very profound it is just an attempt on our part to qualitative come up
with a set G; vocabulary which is consistent.

With regard to your second question, 1 agree with you one hundred percent.

'On your first point, I agree, but the Air Force test agency or contractor must determine whether
the contractor has met the design crireria. This is a ipowerful mer anicm Žcr geting changes made to the
vehicla to meet criteria.

A.L. Byrnes, Lockheed, USA

I'd like to offer a partial reply to Mr. Barnes question on how specification deviations are
negotiated. In U.S. military contracts, specifiration amendments are negotiated along with the contract.
The agreed en deviations becone part of the contractual document. The contractor is then financially
liable for any requirements not met.

Comment on Mr. Adolph's paper. As an aerodynamicist re.:onslble for aircraft design, I am very
much concerned over the practice of defining . requ.zed angle of atta,.K r.nge as Jone in Reference 5
of your paper, rather than specifying the desired maneuver capability. I'd also like to point out that
for many years now we have relied on a very excellent stall and spin prevention device, the pilot,
who, with proper training, has done an excellent job. It is hard to follow the logic of ruling out the
rudder pedal shaker as an ineffective stall warning device because the natural airframe buffet is so
heavy it masks the shaker. It seems to me we should seriously question the cost effectiveness of
encouraging fighter pilots to use tactics which result in lass of aircraft from deliberately exceeding
the airplane design envelope and then attempting to correct the "problem airplane".
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R.J. Woodcock, AFFDL, lISA

We have had cases of fighter dircraft which start buffeting at a comparatively low angle of attack,
with maneuver capability remaining at higher angles of attack. Pilots will use this higher angle of attack
in air-to-air combat, although they then have no good cue to the angle of attack margin remaining before
loss of control.

In the USAF we write the handling qualities requirements into each contract, paragraph by
paragraph, rather than merely calling out 8785B. This practice promotes a thcrough review for each specific
case, also affording an opportunity to incorporate later results.

i• ~We hope that there is some relation betwecen the design fly •ng qualities requirements and

operational use. We value very highly flight test comments on the relevance or irrelevance of the 8785
requirements. Realizing the need for a closer tie between design requirements and operational needs,
we are continuing research. Ron Anderson will discuss tomorrow one form this work is taking.

I

nk

I7
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SIMULATION AND ANALYSIS IN ESTABLISHING FLYING QUALITIES CRITERIA

BY

J. T. Gallagher
Malanager, Vehicle Dynanlics and

Control Research
Northrop Aircraft Division

3901 West Broadway
Hawthorne, Calif. 90250, USA

INTRODUCTION AND SUMMARY

This paper illustrates the application of simulation and analysis in establishing flying qualities criteria of
piloteu airplanes. The discussion draws on published work which has been used to create the existing military
specification MIL-F-8785B (ASG), ana other published information on in-progress work to improve the subject
specification in certain areas. It is presurned in the discussion that the reader has access to Specification, MiL-F-
8785B(ASG) and to the Background Inform.tion and User's Guide for MIL-F-8785B(ASG).

Two areas are identified where better -.riteria are needed in the specification; the effects of turbulence and the
impact of control system dynamics on flying qualities. A detailed discussion is presented on a program in %hich
ground-based simulation and pilot-in-the-loop analysis are employed in an attempt to better define the impact of
turbulence on flying qualities. A similar discussion is presented of a program in which inflight simulation ant pilot-
in-the-loop analysis are employed to determine a method of specifying total system requirements rather than control
system and airplane modal characteristic requirements.

Attention is drawn briefly to some of the shortcomings of ground-based, and inflight simulation. The possi-
bilities are discussed of overcoming these shortcomings using more advanced systems such as the Northrop Large

Amplitude Flight Simulator with a wide-angle visual display (LAFS/WAVS), the UtiAF Total Inflight Simulator, and
the proposed USAF Fighter, Inflight Simulator.

LIST OF SYMBOLS

s - Laplace Operator - Damping Ratio

Z - Normal Force '0/'e d - Bank Angle to Sideslip Ratio

M - Pitching Moment 0 - Bank Angle

V - Velocity - Sideslip Angle

-Vertical Velocity N - Primed Yaw Rate Due to Roll Rate Derivative

M - dM/dw N6 A - Primed Yaw Rate Due to Aileron Deflection

M,!v - dM/dNv ADI - Attitude Display Indicator

q- d . - Pitch Angle

q - Pitch Rate
r - Yaw Rate

6 e - Control Surface Displacemenite p - Roll Rate

an - Incremental Load Factor
* - Heading Angle

- Short Period Natural Freque.cy
nspa - incremental Side Gust

o - Angle of Attack Y@ - Pilot Describing Functi•n

Fs - Stick Force - Pilot Gain in Roll Clesure

Z - dZ/dw K - Pilot Gait in Pitch Rate Closure
q

z. - dZ/d~ewBW - Bandwidth

a a - Lateral acceleration at the pilot station
Y

nL - Limit Load Factor P

K - A Constant Other symbols are defined where used.

SIM5I...TION :1AND A\AI.YSIS IN ESTABI.ISIIING CRITFRIA

A review of the section of Military Specification MIL-F-87,5 (ASG), entitled -Flying Qualities of Piloted

Airplanes-'(I relating to the longitudinal mane-avering requirements and some of the material from the Background
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and User's Guide for MIL-F-8785B (ASG)(, will serve to illustrate the role played by various forms of simulation
and analysis in establishing criteria. Let us consider first the requirement on short period frequency and acrelera-
tion sensitivity (Section 3.2.2.1.1 of the Specification). The short-period undamped natural frequencycin must besp
within the limits shown in Figures 1, 2 and 3 of the Specification. If suitable means of directly controlling normal
force are provided, the lower bounds on w and n/a of Figure 3 may be relaxed if approved by the procuring activity.

sp

The Category 3 flight phase requirement of Figure 3 of the Specification is shown in Figure 1 of this paper, and
can be used to illustrate how a combination of analysis and simulation was employed in generating the requirement.

100

NOTE: THE BOUNDARIES FOR VALUES OF n/a GREATER Z
THAN 100 ARE DEFINED BY STRAIGHT-LINE EXTENSIONS.
ThE LEVEL 3 BOUNDARY FOR n/a LESS THAN 1.0 IS ALSO
DEFINED BY A STRAIGHT-LINE EXTENSION. 1_..N\

10.0

to-o

"I~
RAD/SEC0.6

1.0"

"NOTE: FOR CLASS 1. II-C. AND IV AIRPLANES.
CJ~p SHALL ALWAYS BE GREATER THAN 06RADIANS PER SECOND FOR LEVEL 3.

1.0 10 10.yj
n./a -. gjs/R AD

FIGURE 1. SHORT-PERIOD FREQUENCY REQUIREMENTS (FROM REFERENCE 1)

In formulating the criteria in the manner of Figure 1, i, -'s argucd(3) that a pilot during in-flight simulation tests
had encountered conflicting requ-icments, ixth at the lo .c and higher values of short-period natural frcquency wr~en
selecting the best compromise between stick sensitivity (MFs.I and steady-state stick-force gradients (Fs/n). A
s-,ple antlyris cap be used to illustrate the problem.

Consider the attuude response to !ongitudinal controls of an airplane flyhig at constant speed. The equations

describing the motion can be written

(S-Zw) .i - Vq = Z

-(M, s + Mw) w 4 (s - . 14 =M1

The solution of these equations for the steady-state response to control inputs will yield
(Z Mw- M Z)An =q V_5 _ W)

de gde g 2
asp

MA& I W l_ e
=e V -e = ,_2

!! sp
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FIGURE 2. TYPICAL DATA FROM IN-FLIGHT SIMULATION (FROM REFERENCE 3)

100 PROGRAMX: l'rh. + 0.01 100 PROGRAM8: 1/Thl .+0.01

Fs/n - 12 Ib/9 Fs/n - 12 TO 29 Ib/g

COOFER RATINGS COOPER RATINGS

0 1-3.5 1. 0 1-3.5 O A
[. 0 .1 4-5.5

x >6 X >6

1010 
100 10

nfl, • gsRAD no•9/A

;• FIGURE 3. TYPICAL DATA FROM GROUND.BASED SIMULATION (FROM REFERENCE 3)
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also

1 sp

)F-I- 6 e. V
(6 ST e 0 6  M- e Zw)

These algebraic equations can be manipulated to gct

F W2
s n s

where MFS = M6e 3,/F•. or the initial pitch acceleration per pound of stick force.

Written diff-rently, 2
F n

x M F-i- MFS = ..
2

We can see that a lower and upper bound can be established for the parnmeter (n In/a by arguing that values
sp

SPSof the parameter could be found where a satisfactor3 compromise betwee •ensitivity and steady-state forces might

not be possible. This possibility has been demonstrated during inflight simulator tests by Cornell. (2) The pilots
compromised in the selection of elevator-to-stick-force gearing on the basis of sensitivity and accepted ligh, stick
forces during steady-state maneuvers, but rated the configuration unacceptable. At the other extreme, in the same
tests the pilots who compromised on steady-state forces by selectini. low sensitivity to avoid abrupt response and
by accepting high steady forces were obliged to rate the configuration unacceptable. Acknowledging the validity of
the above argument and using data similar to that shown on Figure 2 from inflight simulation tests, the requirement

on natural frequency as a function of n/a has been written"2 in a manner to boand the parameter 42/ as shown on
Figure 1 of this paper. sp

Thus we have seen how inflight simulation data and simple a,,alysis have been employed to establish part of the
criteria of Section 3.2.2.1.1 of the Specification.

We see also on Figure 1 that there are lower bounds on un and n/o. Reference 3 indicates that pilot-in-the-
sp

loop analysis has established that there are, in fact, lower limits on

1. w , for tasks requiring precise control of pitch attitude.
asp

2. w , n/a for tasks requiring precise control of pitch attitude and flight path.
sp

In the first case, to maintain constant performance the pilot must supply r,hast, lead as , decreases; this
sp

results eventually in degraded pilot rating. In the second case, the same argument holds for w ; and, further, asn
sp

n/a decreases, rnore angle of attack change is required to control flight path, and the pilot ends up needing to over-
drive the pitch attitude of the airplane, with resulting degradation of pilot rating. Closed-loop analysis had been used
to formulate a rationale for lower bounding wn and n/a, but before it could be used to define triteria some validation

sp
was provided by moving-base simulation using the Grumman ground-based simulator. The experiments were con-
ducted for Class I and IV airplanes during carrier approaches, and Figure 3 shows how the data were used to validate
the lower bounding of w and n/a.np

This demonstrates the use of the pilot-in-the-loop analysis techniques and ground-based simulation in formulat-
ing criteria.

Another cnierion pertaining to short-pei iod response is the "shoi t period damping requirement" of Paragraph
3.2.2.1.2, which states that the short-period damping ratio shall be within the limits of Taole IV. Table IV is repro-
duced here as Figure 4. This criterion was based on extensive inflighL simulator data similar to the data of Figure 2.
It is interesting for this discussion in that engineering judgment rather than analysis was used in determining upper
and lower limits on damping ratio. Further, arbitrary increments were added to account for turbulence. It is sig-
nificant that validation of this criterion, discussed later, infers that the criterion leaves something to be desired, and
suggests the need for testing to better define the effects of turbulence on acceptable damping ratio.

Consider the requirements on "Control Forces in ,Maneuvering Flight, " Paragraph 3.2.2.2.1, which specifies
that at constant speed in steady-turning flight, pull-ups, and push-overs, the variations in elevator-control force with
steady-state normal acceleration must be approximately linear. In general, a departure from linearity is considered
excessive which results in local gradients that differ from the average gradient for the maneuver by more than 50 per-
cent. All local force gradients must be within the limits of Table V (reproduced here as Figure 5), etc.

This criterion is formulated from data from both ground-based and inflight simulator tests; while no mathemati-
cal analysis is involved, a sound engineering rationale is applied. It is argued that a pilot tends to select a constant
value of stick force per g, ,Fs/n), at high values of the load f'ctor parar.eter (n/a), but constant-stick-force angle-

of-attack gradients, (Fs/6), at low values of the load factor parameter in (n/o). It is suggested(3) that this is due to
the pilot's concern shifting from structural integrity at high n/o to pitch attitude control at low n/a. On tho basis of

these concerns, the limits on Fn were expressed in the form n- at low n/4, anrl Ž-1 at high values.
iW

s n L
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• = -/ -

CATA &C FL 'HT PHASES CAT B FLIGHT PHASE

LEVEL - _________

MIN MAX MIN MAX

1 0M3 1.30 0.30 2.0

2 0.25 2.00 0.20 2.0

3 0.15 0.15,

""FIGURE 4. SHORT-PERIOD DAMPING RATIO LIMITS (FROM REFERENCE 1)

When ground-based simulator data and inflight simulator data were reviewed, it was observed that the valuesS2 n, -I fro the NIIL-F-8785 bounded the Level I data points at the higher n/a, thereby suggesting their

use as C riteria (Figure 5). At the low values of the load factor parameter, the pilot rating data and comments sug-

Sgd,'-d Fs/n = 2-0 would .serve well as the Level I upper boundary (Figure 5). Because of the limited amount of low

load factor parameix r data, the lower limits of F /n were made constant for all values of the parameter n/a. It was

Salso agreed that an upper bound probably existed for Fs/n at very low n/a; thus a fixed value of F /n as a function of

n 1 was established at values of n/a less than the lowest value used in the simulator tests which was approximately an

n/o of 8 g's per radian. The following section on validation of this criterion, using flight test data obtained during
the development and certification of the F-4 and F-5/T-38, will demonstrate in a general sense the soundness of the
above method of using simulator data and engineering judgment in establishing criteria.

CENTER STICK CONTROLLFRS

MAX GRADIENT MIN GRADIENT
LEVEL (Fs/n) MAX (Fs/nlM1N

240 THE HIGHER OFnlo 21

BUT NO MORE THAN 28.0 nL_l
NOR LESS THA,4 1 /1n. 1 * AND 3.0 -

S360 THE HIGHER OF
n/a 18

2 BUT NO MORE THAN 42.5 18
nL_1

NOR LESS THAN 85/nL.1* AND 3.0

3 56.0 3.0

*FOR nL< 3. (Fs/n)MAX IS 28 FOR LEVEL 1. 42.5 FOR LEVEL 2.

FIGURE 5. ELEVATOR MANEUVERING FORCE GRADIENT LI-MITS (FROM REFERENCE 11



FLIGHT TEST ANALYSIS IN ESTABLISHING CRITERIA

An important analysis process in Improving Military Specification MIL-F-8785B (4§G) Is the application
of data taken (during the development of airplanes, ane ccrtification of the airplanes to MIL-F-8785 (ASG). Such an
enduavor roqulren the researching of past records, Lhe conversion of pilot ratings from one scale to another, the
analysis of pilot comments, and the re'defining of the airplanes flying qualitius in the parameter format of the newmilitary specification.

Su-h :n activity has been undertaken by McDonnell Douglas Aircraft using F4 flight test data(5) and by the
Airct a., Division of Northrop Corporation using F-5/T-38 flight test data. (4) Both of these activities are being funded
under contract by the Control Criteria Branch of ,tFFDL.

Figure 6 shows a comparison of Northrop T-38 data with the short-period frequency and the acceleration senasi-
tivity criterion discussed in the preceding section. WhIle there are, no pilot ratings available, the airplane does meet
the Level 1 and Level 2 requirements and has favorable handling qualities in the flight conditions shown. This tends
to confirm the soundness of the method of applying simple and pilot-in-the-loop analyses to data taken from ground-
based and inflight simulators.

bO4O

100

T
I I

10

SYM M CONFtG ALT.FT
0 A 0.3 LANDING 10.000

o 0.4 CRUISE 10.000
as, CRuISE 1.

0 1.21 CRUISE 25.0%)

0o 100 1000

N 9 g,/.RA€DI

FIGURE 6. COMPARISON OF FLIGHT DATA WITH REQUIREMENTS (FROM REFERENCE 4)

The damping requirement does not fare so well In the validation process. The T-38 data on Figure 7 show that
the airplimno does not moot the requirements of Parngraph 3.2.2.1.21 yet the dynamic characteristics have boon well

received by pilots in evaluations. A similar conclusion was arrived at by McDonnell Douglas (5) when the F-4 was
shown to have lower damping ratios than required by the specification under conditions where its flying qualities were
acceptable.

The "contral forces in maneuvering flight', requirement of 3.2.2.2.1 at Levels 1 and 2 are reasonably validated by
the F-4 data of Figure 8, Although little trend of F s/n variation with n/a is apparent in the data. F-5/T-38 data In
Rleference 4 better confirm the soundness of the criteria for F /n as a function of n/b . It seems roasonablo to assume,

considering the amount of data from inflight and ground-based simulators used in formulating the requirement, that
the F-.I and F-5/T-38 dat - should be consistent with the requirements, which they are.

The portion of the requirement stating that the local stick force gradient shall not differ by more than 50 percent
of the average gradient during the maneuver Is questionable. In the case of the T-38/F-S, the control system has non-
linear gearing and foL "o-to-stick deflection characteristics required to yield satisfactory flying qualities as well as to
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" ~(FROM REFERENCE 5)
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provide PIO protection. The basic system under static ground conditions has a ratio of maximum to minimum force-
to-tail relationships which exceeds 2.0, and therefore even with linear aerodynam.cs the ratio of force gradients
would be greater than 2.0 for all conditions of flight. Notwithstanding this, the aircraft's flying qualities In this regard
are acceptable.

In the process of establishing and validating criteria, the Interaction ,.. the control system characteristics with
the airplane short-period modal characteristics, and also the effect of turbulence on flying qualities, are identified as

requiring better specification. For example, ii Section 2.2.2.1, (3) in justifying the use of conventional-short period
modal parameters as criteria, the following argument is made: "The control system specification of Section 3.5.3
will normally require the natural frequencies of the control system to be appreciably higher than the short-period
natural frequency. The result will be no irteraction between the control system dynamics and the airplane short-
period mode." It is unlikely that this obsc.rvation will be true as the Control-Configured Fighters with the cortrol-

augmented flight control systems come ito being. The Control Criteria Branch, acknowledging(3) that what are
desirable are criteria which are based on the response of the total system and independent of identifying certain modes

of motion, has been funding inflight simulator tests and analyses at the Cornell Aero Labs to develop such criteria. (7)

The short-period damping ratio requirement, Section 3.2.2.1.1 of the military specification, is typical of the

manner in whi6h turbulence effects are handled. Substantial volumes of flight test data were reviewed and upper and
lower limits were chosen for the damping ratio. Although some of the data had been collected in turbulence, when the
specificaion levels were established, an incremental damping ratio was applied to the data to cover turbulence effects.
The result of this is a specification of damping ratio which is overly stringent. In an attempt to better quantify turbu-
lence criteria, the Control Critcria Branch at AFFDL has been funding ground-based simulator tests and analyses at
Northrop.

The ground-based simulator tests and analyses of Reference 6 will be discussed to show how pilot-in-the-loop
analyses and grotui'd-based simulation can contribute to establishing more quantitative criteria for turbulence effects

an flying qualities or to validate existing criteria. The inflight simulator tests and analyses of Reference 7 will be
discussed to demonstrate the contribution of inflight simulation and analysis to the definition of criteria relating to
flight control systems and their impact on flying qualities.

GROUND BASED SINIU:ATION AND ANALYSIS

Unpublished work conducted by Mch,as at Northrop, and reported briefly, (9) has demonstrated that ground-based
simulation of the lateral-directional moticns of Class IV airplanes in the Northrop Large Amplitude Fl,-'.ht Simulator
is comparable with inflight simulation. This has provided Northrop with a pouerful tool with which to s-udy the effects
of turbulence on the lateral-direL-tional handling qua!ities of Class IV airplane-,. To complement this, Onstott(6)

cleverly combined the techniques of multiloop analysis and pilot modeling with work by AFFDL personnel on statistical
analysis, then developed a method of predicting pilot-airplane dynamic response to turbulence. The method could also
be used in estimating the dynamic performance of the pilot-airplane system in compensatory tracking situations.
Onstott's work was sufficiently general so that it could be applied to the longitudinal and lateral directional degrees of
freedom, as he is currently extending the lateral-directional work of Reference, 6 to the longitudinal case.

The Northrop Large Amplitude Flight Simulator (Figure 9), described in Refcrence 9, was used in the research
to validate the performance prediction technique and to provide pilot ratings on the flying qualities of the airplanes
simulated. An automated version of the prediction technique capable of analy'ing the system typified by Figure 10 was
developed and used in the research.

The airplanes used in the simulator and analysis were a selection of the airplanes used in the inflight simulation
tests of Reference 8, plus the Northrop F-5. The airplanes chtaracteristically had good dutch roll frequency and damp-ing, and a neutrally stable spiral mode. The 10/,81,,, ratio, roll subsidence time constant T, N' , and N' A/L IA

ratio were varied in t a simulator expr-iment.

The pilot perfo-mance in four tasks was eval'uated dulaib Cie simulatio,- as ,oiwows:

Task 1, maintaining zero bank angle in the presence of turbulence. Side gusts were introduced to the airplane model,
and the bank angle error wvas displayed on the vertical command bar of the ADI. The pilot's task was to mini-
mize the bank angle error without the application of rudder.

Task 2, compensatory tracking of a random bank ai.le. Filtered white noise was used to provide the commanded bank
angle. The difference between this signal and the aLtual bank angle was used to drive the vertical command
bar on an AD;. The pilot's task was to keep the needle centered by controlling bank angle without the
application of rudder.

Task 3, compensatory tracking of a random heading signal. Filtered white noise was used to provide the commanded
heading angle. The difference between this signal and the actual heading was used to drive the vertical com-
mand bar on the ADI. The pilot's task was to keep the needle centered by use of ailerons without the applica-
tion of the rudders.

Task 4, maintain zero heading in the presence of turbulence. Side gustp were introduced and the heading error was
displayed on the vertical command bar of the ADI. The pilot's tsk was to minimize the heading error without
the application of rudder.

itlFigure 11 shows the typical block diagrams for the firat two tasks. The remainder of the discussion will concern

itself vith these tasks since they will be adequate to show the use of -imilation and analysis in establishing criteria.

Analytically, it is required (1) to obtain transfer functions for the bank angle to guat disturbance, and (29) the bank
angle to ban,. angle command with the proper loop closures. Noting .hat all the appropriate loops are to be closed, the
following equations are u•-' to describe the airplane.
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FIGURE 11. BANK ANGLE CLOSURES (FROM REFERENCE 6)
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Based on the technique of Reference 6, the following expressira for the 0/06 and O/a lg transfer functions are obtained:
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The N-symbol polynomials ... ace computed by evaluating the proper detcrminants, and detailed expres-
A

sions, with rules for deviation, are given in Rlefere:nce 6. Typically, the N-symbol polynomial will have the form
2

O -L + (L N- Ls
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and

NO ~~tjsec 0o ( aN'6 + L'8 L 6A)I '
The pilot transfer functions typically will take the form of the ratio of polynomials

P D

1 1K

2 4

Onstott ((.) has developed some clever rules for the manipulation and evaluation of the above transfer functions and
N-symbols, ana the reader is referred to this work for more specific details than are ncssible in this paper.

Since the pilot does not act on heading or sideslip, in the particular case of Task 1, the pilot models Y and Y

are set to zero, and the total system transfer function of bank angle to 6 is written

Jig 
g

A

and, if 11(s) is the transfer function of the random gusts (in this ease of the Dryden form), then

e e H (s).rms e Oe A 21j , -6-

This expression can be evaluated digitally employing the method described in FDCC riM 65-17 for a givei,
rout mean square gust level.

In the case of i ask 2, the open loop transfer function 0/e.can be used to obtain

A

and, if l(s) represents a normalized random appearing, command signal,

"rms 0 H(s) -H(s) \ dso

This can be evaluated in the manner of F13CC TM 65-17.

This, then, provides a process for calculating the performarce expected of the pilots in the simulator exper.-
ments. Figure 12 shows typical data from the computerized form of the above method, where a pilot describing
function

Yo = K0 (.5, + 1) e-°3

is used for Task I and .• •(S--~-44s

is used for Task 2. The variation of A with pilot lead T is typical for all the cases tested, and is offered as

justification of the use of a value of 0.5 for the leadtinic constant T,. Employing this value of the leadtime constant,

the predicted tracking performance !s taken to be the minimum attained as K is varied in the manner of Figure 12. 4

Figure 13 show, a comparison of the predicted and measured performance (luring the tracking-in-gust task

and, being typical, attests to the accuracy of the prediction techniques.

For clarity in !he remainder of the discussion, the following code is used to distinguish the airplane configura-
tion tested: "'Configuration A 13.2.6,'" where A refers to thrCeo/il d ratio, B the roll time constant T 1.12the - u of

yawing moment due to roll rate Np, andi 6 the value of the ratio of yawing moment to rolling moment due to ailerons.

Further,
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SFigure 14 shows the predicted Task 1 and Task 2 pilot performance in nine airplane configurations. Super-
Simposed on the graph is the pilot rating assigned during Task 1 in different turbulence levels. If we use the following
reasoning (see next paragraph), then the dafa on this figurc further validate the al,plicauility of the analytical model.
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the case of Task 1 we might expect the configuration with the highest 10/01d ratio to have the highest bank

angle errors in turbulence because of the high bank angle disturbances caused by p gusts. This is confirmed by the
data on Figure 14. Also, it may be expected that the configurations with the lowest roll damping (highest TR) would
have the highest •e and this is again confirmed by the data on Figure 14. Rather less obvious, we may expect that
within a configuration group, configurations with positive N' would exhibit the highest bank angle errors. The rolling

rate induced by the sidegust would tend to aggravate the amount of sideslip, hence increasing e . On Figure 14, the

highest A for Configuration AB occurs at tle more positive N,.
Comparison of tha data for Task 1 and Task 2 (lower and upper graphs, respectively) indicates an important

finiing of the work, namely, that a configuration with the best performance in compensatory tracking BB2.3 is not
necessarily the best configuration for holding bank angle in turbulence.

So much for performance alone. We have demonstrated that we have an excellent means of predicting per-
formance, which is configuration- and task-sensitive. The ideal thing then would be to have sor:e means of predicting
pilot rating with similar accuracy. Criteria could then be specified in the manner of MIL-F-8765B(ASG), where
levels of flying qualities are specified which are combinations of , ilot work load and mission effectiveness. It has
not at this time been possible to predict pilot rating, or to establish a rating that is a combination of performance and
pilot work load. The work is not complete, and a great deal more data have been acquired through further analysis
and simulation. It does seem that such a prediction may be possible, and Figure 15 will be used to illustrate the kind
of thinking involved.
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FIGURE 15. RELATIONSHIP BETWEEN PILOT RATING AND TRACKING ERROR
On Figure 15, the pilot ratings of Task 1, the holding bank angle in turbulence task, are plotted against bankangle error. Superimposed on the data is the rms gust level for each case. The first observation is that the con-

figurations with the higher 10/01d ratios have the worst pilot ratings and in turbulence of much lower levels than the
lower 10/0!d ratio configurations. This indicates a strong configuration-dependence on iW/1 (I ratio at constant

Snd and Zd" In fact, this is consistent with the reasoning behind the requirement of Paragraph 3.3.1 of the Military

Specification, where increased dutch roll damping is required as a function Of q 10461d"

The material in the Paragraph 3.3.1 of the Military Specification follows from work by Ashkenas in which he
analyzes data where pilot rating was obtained by curve-fitting flight data obtained during investigations of airplane
dutch roll characteristics. In fact, the criterion was specificall. created to accommodate the effects of side gust on
roll acceleration. It is possible that through a review and an ex, tnsion of the work of Ashkenas, and through appli-
cation of the results of the current experiments, a better criterion for the effects of turbulence can be established.

A further observation from the data of Figure 15 is possible by comparing the A132 configurations. The pre-
diction technique would indicate (Figure 14) that we may have ex-pected the e for a given to be similar for A112.6

e9
and A132.7. This is not the case, as shown on Figure 15. It is possible that the pilot worked harder to maintain
Iower tracking error on A122.7 than on AB2.6. The increased work load would account for ihe higher pilot ratings
assigned the A132.7 configt.:aauon. If this is the case, as the data on Figure 15 imply, it may be possible to analyze

tue data in the manner of inderson (10) and to establish a criterion that involves performance and pilot work load.



9-I1 d

I have tried to illustrate in some detail the kind of work that can be accomplished by judiciously employing
ground-based simulation and analysis. The ground-based simulator is ideal for this kind of work since turbulence
can be produced under controlled experimental conditions, something which has been difficult in the past to achieve
with inflight simulators. Inflight simulators historically have possessed inadequate means of producing simulated
side acceleration in flight. The coming on the scene of TIFS, with its direct lift and sideforce producers, makes
possible accurate inflight gust simulation. The combined use of TIFS and ground-based simulators such as the
Northrop Large Amplitude Flight Simulator may be necessary to completeily resolve the question of specifying flying
qualities requiremet.ts in turbulence.

INFLIGHT SIMULATION AND ANALYSIS

It has been noted in a previous section that existing flying qualities criteria require simplifying assumptions on

the impact of the control system dynamics on other airplane modal characteristics. Some work conducted to provide
informatic.n to eliminate the need to identify modes of motion was conducted by Cornell and serves to illustrate the
application of inflight simulation and analysis in establishing flying qualities criteria. An interesting thing about the
analysis is that, like the work of Onstott and Salmon, it leans heavily on the work of STI for the general rules of
manipulation, but Neal and Smith felt that the STI techniques were not specific enough for this application. The same
motivation had led Onstott and Salmon to use a statistical fornrat for their analysis.

Figure 16 shows a block diagram representation of a typical Flight Control System-airplane combination em-

p!oyed in the tests. The FCS consisted of a real pole-zero combination close to the To 2 zero of the airplanL -0d1 a

complex pair of poles that varied from values close to the short period poles to w3 = 75 rad/sec. The variable-

stability T33, Figure 17, was used as the inflight simulator for the experiment. The feel system characteristics
were held constant at a spring gradient of 22 lb/inch, and the elevator/stick force gradient was selected by the pilot
for each flight. The same compromise discussed earlier between steady-state stick force per g and stick sensitivity
had to be made on each flight in order to eliminate stick force as a variable in the evaluation.

SIMULATED JSTICK
FEEL POSITION

SYSTEM S

CLOSE-LOOP DYNAMICS OF
SIMULATED AIRFRAME PLUS FCS

SIKK,9(7 1 S +1) (.r02 ) PITCH
FORCE ATTITUDE

SFS TS :7 + - S + •.,... S*

FIGURE 16. BLOCK DIAGRAM FOR BASIC CONFIGURATIONS
SIMULATED (FROM REFERENCE 7)

FIGURE 17. T-33 AIRPLANE WITH LID OPAG PETALS EX rENDED TO FULL OPEN POSITION
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FIGURE 18. CORRELATION OF PILOT RATINGS WITH MIL-F-8785B - (FROM REFERENCE 7) .

S~Thc tasks employed in the simulation werc typical of Class IV airplanes in the air combat mission and includedVFh and IFR maneuvering and tracking. Pilot rating and PlO rating data and pilot comments were the only data taken.

Thc basic short-period characteristics of the airplanes simulated arc showvn on Figure 16, along with the asso-
ciated pilot ratings for conditions where no FCS effects were included. The correlation with MIL-F-8785B(ASG),
Section 3.2.2.1, is good for the two n/a values investigated, with the exception of the high-frequency cases atn/a = 50 g/rad. For the cases where the FSC effect we:e included, the data are plotted on Figure 19 as pilot ratingversus control surface phase lag at the short-period natural frequency. The correlation with the ]MIL-F-8785B(ASG)
Section 3.5.3 requirement shown on Figure 119 is very p~oor indicating a shortcoming in the requirement for the con-figurationa studied. The attitude of the Cornell researchers was that a criterion could be established which was based
on the characteristics of the total response. They tested the validity of the well known C* criteria and the equivalent

I3
Second-Order System criteria and concluded that these were not appropriate, the first because it lacked generalityand the second because of the insensitivity of certain parameters. The authors then developed an analysis procedurebased on standard frequency response techniques and the pilot closure rules of Ashkenas and M•Ruer. Essentially

the-mehod---ol-ed
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(FROM REFERENCE 7•,
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1. Providing a mathematical model of the closed loop tracking task.

2. Establishing a series of performance measures describing a "standard of performance" which the pilot
tries to achieve.

3. Develop a method of converting open loop characteristics to closed loop characteristics.

4. Establish a method for determining how the pilot is likely to apply compensation to achieve the performance
standards.

5. Develop a method of relating tracking performance and pilot compensation to pilot opinion.

The form of the tracking performance standard was specified as follows:

1. A minimum bandwidth for the total closed loop system of 3.3 rad/sec

2. A maximum low frequency droop of -3db at frequencies below tBW

3. A closed loop resonance e c which is a function of the pilot compensation required.

The pilot compensation is the phase relation between the pole and zero in the assumed form of the pilot transfer
function

FS _*35 / pls+1\
o~e = K •'p2 s + 1 "

and pilot compensation is take: to be e

P C- -p 2 +/1 w= (B W )m in

Employing an interesting open-to-closed-loop transformation technique using Nicholls charts, the authors
computed the pilot compensation and closed-look resonance for each condition tested. The correlation of the computedvalues of these parameters with pilot opinion provides the criterion boundaries shown on Figure 20. The correlation

is sufficiently good to suggest the use of the method to specify flying qualities criteria for Class WV airplanes.

While the details of the methods of analysis and inflight simulator experiments have not been presented, it is
hoped that the use of inflight simulation and analysis in attempting to establish criteria has been adequately demonstrated.

PILOT RATING
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TOWARD IMPROVED SIMULATION CAPABILITY

in discussing the use of simulation and analysis in establishling criteria, no indication has been given of the
adequacy or inadequacy of the reproduction of the motion and visual cues involved.

There are significant imperfections in ground-based simulators in the quality of motion reprouction. Consider
the comparison of model acceleration, and model roll rate, with simulator acceleration and roll rate shown on Figure
21. It is clear that while the response to turbulence of the model and simulator is close, the response to step control
inputs is grossly affected by the simulator motion system. Of course this is only a small part of the complete story,

and it is possible by proper mixing of the visual and motion cues(9) to achieve a synthetic environment in which cor-
rect pilot response can be achieved. One might think of ground simulators as good fixed-based visual displ..ys car-
ried on adequate motion systems. The demand from the motion system is mainly to provide adequate motion onset
cues with an unavoidable minimum of associated improper motion cuing within the perception level of the pilot. Fig-
ure 22 shows the Northrop Large Amplitude Flight Simulator and a wide-angle visual display (LAS/WAVS) which will
be used in the continuing research on the effects of turbulence on flying qualities of piloted airplanes. This simulator
has been developed to allow realistic simulation of most tasks required of Class IV airplanes, including air-to-air
combat, and will be available to complement in-flight simulators in the determination of flying qualities criteria for
piloted airplanes.

It is probable that until inflight simulators are rvailable with high load-factor and Mach number performance,
simulators such as the LAS/WA VS will play an important part in research on the flying qualities of air-to-air combat
airplanes. The inflight simulator which might be used in the development of flying qualities criteria has technology
difficulties of a similar nature to the ground-based simulator. Consider Figure 23, which shows in block diagram
form the key aspects of ground-based and inflight simulators. In ground-based simulators, we can work on the simu-

lation of visual and motion cues independently. (9) On inflight simulators, the visual cues are inseparably involved
with the motion cues. If the motion response on the inflight simulator to inputs is improper, then the visual cues
will be inadequate and the inflight simulator will cease to respond like an airplane. This is characteristic of certain
inflight simulators in use today and may be characteristic of model-following variable stability systems. The Cornell
TIFS, Figure 24, provides an excellent opportunity to explore the problems of simulating the VFR environment and
operation of airplanes and of developing a procedure for the proper reproduction of motion and visual cues in flight.

An airplane that would expand the research capability in the area of flying qualities of Class IV airplanes is a
variable stability version of a high-performance Class IV airplane. The airplane shoun in Figure 25 is typical of
what could be accomplished. Canards, flaps, and direct side-force producers could be used in conjunction with the
usual control surfaces to provide simulation in all degrees of freedom. Careful application of response feedback and
model-following techniques could overcome the problem of improper visual and motion cues in large-angle, rapid,
flight path changing maneuvers. The result would be an excellent high-performance inflight simulator.
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CONCLUSION

Existing flying qualities criteria specified in MIL-F-8785B (ASG) have been established using open- and closed-
loop analysis techniques, ground-based simulation, inflight simulation, and experience from flight testing in-service
airplanes. While the specification is comprehensive, there are areas where the requirements need improving. The
two more obvious areas are associated with the effects of turbulence on flying qualities and the interaction of control
system dynamics with airplane characteristics. It has been demonstrated that ground-based simnulation and analysis
hold the promise for better specification of turbulence effects, and inflight simulation and analysis may be useful in
specifying total system flying qualities criteria. Improved inflight and ground-based nimulator facilities necessary in
this research can be provided with current technology.

REFERENCES

1. ANON. Military Specification: Flying Qualities of Piloted Airplanes, MIL-F-8785B (ASG).

2. DeFranco, D. Flight Investigation of Longitudinal Short Period Frequency Requirements and PIO Tendencies.
AFFDL-TR-60-163, 1967.

3. Background Information and User Guide for MIL-F-8785B (ASG). AFrDL-TR-69-72, 1969.

4. Northrop Review of Recommendations of MIL-F-8785(ASG). FMR-w,7-5, 1967.

5. Brady, C.C. Validation of Flying Qualities Requirements of MJL-I--008785A (USAF). AFFDL-TR-70-155, 1970.

6. Onstott, E. and Salmon, E. Airplane F ing Characteristics in Turbulence. AFFDL-TR-70-143, 1970.

7. Neal, T. and Smith, R. An Inflight Inve3tigation to Develop Control System Design Criteria for Fighter Airplanes.
AFFDL-TR-70-74, 1970.

8. Meeker, J. and Hall, W. Inflight Evaluation of Lateral-Directional Handling Qualities for the Fighter Mission.
AFFDL-TR-67-98, 1967.

9. Gallagher, J.T. Requirements on Simulators Used in Handling Qualities Research. AIAA Paper 70-353, 1970.

10. Anderson. Paper Pilot - A Digital Computer Program to Predict Pilot Rating for the Hover Task. AFFDL-TR-
70-40, 1971.

3

A



S, ~9-23 "

LEA DISCUSSION

by
P.L. Bisgood

Royal Aircraft Batablisbhnt
Bedford, Beds

Mr Gallagher's mti, thesis is that handling criteria should be develop.d from a foundation of
simulation and analysis, and should thon be validated using operational experience. This is now received
doctrine and is respected as such, so that most of my comments will be cozcerned with the details of his
paper rather than its basic principles. However, it is perhaps w--or.'th emplasising a general point that is
implied rather than spelled out in the text, namely the importance of synthesis in the development of
criteria - by this I mean the proces. of drawing together the threads of al. relevant items of research
into a consistent pax#tern: a classic example of synthesis in this sense is the monumental "Background
Information .... " of Chalk and his associates, to which MLr Gallagher refers. I make this glaringly
obvious point only because tVere has sometimes been a tendency to formulate 'instant criteria' on the
basis of a single experiment, plus a hunch, and to give other relevant material insufficient consideration,
usually with rather unsatisfactory results.

I would like to turn now to some of the detailed points raised in Ur Gallagher's paper.

i found the arguments put forward for an upper, as well as a lower, bound of natural frequency at a
given P•/,( were quite pezzuasive. However, the situation seems less satisfactory when it comes to
translating these arguments into quantitative limits: for example, the upper frequency limits of Mil.Spec.
8785 B for Category C flight phases do not seem to be well-supported by the in-flight simulations on which
they are supposed to be based - indeed the upper frequency limits of the experimental data for Category C
were typically about one-half the local upper limits for Level 1. There is, in fact, reasonable sapportive
evidence from ground-based simulato;'s for the upper frequency limits relating to Level 1, Category C (for
example, the Studies made by A G Barne, of BAC), but the situation is less clear in the case of Category A
flight phas,.s where, it seems to me, we need additional experimental data before the upner frequency
limits can be properly established.

1 agree with 11r Gallagher that the minimum damping limits shown in Fig. 4 are too high and, in the
case of Level 3, much too high. To give a better feel for the 'miss distances' involved would Mr Gallagher
give us sone more information about Fig. 7 - for example, do all the data labelled "cruise" relate to
Category B flight phases and were all the configurations rated at Level 1. His point is well taken, hog-
ever, that this problem arises paet-U, because we still lack a rational method of dealing with the handling
qualities required for flight in turbulence - a corollary of this is that we require adequate models of
the turbulence itself as a starting-point and we look forward to an interesting discussion on this topic
tomorrow.

I fear I am not sufficiently f&,5 liar with the work of Onstott and Salmon to c)mment in much depth
on the next section Df the paper, though, bearinj in mind the recent work on the non-Gaussian nature of
turbulence (see paper 14 by J G Jones), one must ask if these and other experiments based on simulated
turbulence having Gaussian distributions give a sufficiently accurate approximation to "real life";
furthermore one must question the adequacy of root-mean-square error as a measure of pilot performance -
the evidence suggests that we need a measure that takes particular note of the occasional large disturban-
ces, to whioh the pilot is particularly sensitive.

Turning to Fit-,re 15 of the paper, Mr Gallagher's comment that the 'DC' configurations, with their
high 1 •18 ratios, received less favourable pilot ratings is correct, but it should also be mentioned
these confiC-rations had inferior roll control as well, (in the sense of having higher 1q ) which would,
presumably, have influenced assessment in the "wing-le.'elling" task. The differences sh-wn in Fig. 15
between the similar configurations AB 2.6 and 2.7 seem rather anomalous and, to me, very puzzlirng. What
indicators 1f pilot effort would :;r Gallagher su$,gest as being sufficiently different between the two cases
to outreijh the presumably beneficial effect on ratin.Z of the better perf~rmance obtained with AB 2.7?
On an al.ied topic, I had thought that a classic res;ponse of the pilot when confronted with a task of
increasing difficulty was, initially, to maintain a nearly constant performance at the expense of working
harder and so worsening his ratings; beyond a certain level of task difficulty his performance deteriorated
fairly abruptly and this sometimes coincidei -.ith the ratiyr rising through 6.5: this is very much the
ty.e rJf variation shown for confi.uration AB 2.7, i;hereas AB 2.6 shows a quite different form. I would
Uike to ask, firstly, if Nr Gallagher can explain these differences and secndly, if the pilot behaviour
oust described is the more typical, what indicators of performance will also prove sufficiently sensitive
t,, indicators of pilot rating?

I get the impression from his Section on 'in-flight Simulation' that MJr Gallagher, like many of us,
wishes t, see a move away from t.-e somewhat indirect form in which many of the present Americar requirements
are cast. :"ne Cornell experiments he take. as an example of in-flight simulation, illu;trate one of the
directions tnat such a move might take, though I do not believe that toe dedudtions from these experiments
have yet been brought to the point where they can b. used as criteria. The pilot compensatiei: and the
associated resonance peak are both very sensitive t3 the value assigned to the closed-loop bandwidth, and
Neal and Snith found iL necessa.-.: to associate different ba:ndwidths .:ith different groups of data in order
to bring the latter into line "=ith each other. Clearly, before this appzoach can flourish it will be
.eccessary to establish convincirn;ly, th,' rules ttt may govern these postulated variations in bandwidth.
In my view we are still a Ion- way from bein., able to, do this; moreover the task seems likely to prove '
more complex than mirht ap ear on the nurface, because pilots do not behave consistantly - examples of this
appear throuhout the literature, includinig the JNca! and Smith experiments, in rhich, for example, a civen
confi•uration was given --idely differing: ratings by one pilot on different occasions, apuarently because,
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on one occasion, he flew the aircraft "more aggressively" (i.e., aimed for greater bandwidth) and
encountered P.I.O. proble•ms in consequence. The problem is thus not only to establish the appropriate
range of forms and stategies for our pilot model in a given task, but also to establish the probability
that the pilot will adopt a particular form and strategy. It seems to me that the "pilot model" approach
can only be used properly in some statistical sense like this, in view of the unpredictability of
individuals: the problems appear formidable.

I have a final question for Mr Gallagher. Would he please tell us more about the large amplitude
simulator he shows in Fig. 22? In particular what problems, if any, have been encountered with the
structural modes of the motion system and what steps have been taken to deal with them?

IA
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OPEN DISCUSSION

R. Deque, Aerospatiale, France

It seems difficult to der ve absolute handling criteria for new types of aircraft from ground
based simulators (and not only trends). This is because limitations of aimulation we know by experience.
We can give two examples: (1) Pilot ratings can be changed by only mo0ifying cockpit environmental
conditions without changing the aircraft dynamics; (2) We have found that pilot behaviour on a given

simulator can change largely depending on if he works on the simulator before or after he has been flying
the real aircraft which is simulated.

J.T. Gallagher, Northrop Corp, USA

For one thing, ground based simulation may be all that you have and it is better than nothing.

With regard to the pilot's behavior after having flown the real aircraft, that io to be expected,
because after flykng the real aircraft the pilot has a better feel for the real environment that you
were trying to simulate. Knowledge of this makes you a better user of simulators.

S.B. Anderson, NASA Ames. USA

Perhaps Mr. Deque is referring to o-ne of our tests on the FSAA, where the pilot on the
fixed base simulator used much larger amplitudes of control motion but when he had motion those large
amplitudes produced some physical discomforts. The pilot thus found that in the motion case that eithe:
the large control amplitude produce discomfort or the simulation was not a true representation of the
characteristics that existed in the moving base simulation.

R.P. Harper, Cornell Aero Lab, USA

It seems that bank angle error alone is an insufficient parameter for forecasting pilot ratings.

Things like sideslip excursions and roll acceleration excursions, etr, are influencing the pilot, his
control activity, etc. Neal and Smith were able to correlate the pilot rating results from actual in-
flight simulations with a close loop analysis of pitch angle tracking. I agree with Mr. Bisgood's point
that this theory needs to be subjected to further test before it is accepted as good criteria.

I.L. Ashkenas, SrI, USA

Mr. Bisgood's statement that a pilot can perform with a very bad airplane, gee good performance
and still raLc It as an unacceptable airplane is a very important point and has been lacking from some
of the previous discussions. Performance LI, not the sole factor, we must coosider the pilot effort
required to achieve that performance.
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I HANDLING QUALITIES CRITERIA FOR SUPERSONIC TRANSPO1e

by

fW. T. Kehrer
Flight Controls Technology Staff

The Boeing Company
P.O. Box 3707

Seattle, Washington 98124

INTRODUCTION

These informal notes are offered for discussion in place of the French Aerospatiale paper that
was originally scheduled for presentation. The aerospaticale paper was titled "Criteria for Supersonic
Transport Certification." These substitute discussions will not attempt to recommend specific criteria to
be adopted for SST certification. Instead, comments will be presented concerning the influence of handl-
ing qualities cr 4zeria specifications on the aircraft design; and some examples will be given of criteria
that were employed to guide the design of the Boeing United States SST configuration.

The develupment of criteria to govern the design of the United States SST involved a period of
several years of study, and considerable experimentation with various flight simulator facilities.
During this period, all existing criteria were reviewed, and much thought was given to the adoption of
new app-oaches to enhance the aircraft design with regard to safety, performance, ana flying qualities.
The recently revised U.S. military flying qualities specification, MIL F 8785B, and its background and
user's guide.played a significant roll in tne development of ti.e Boeing criteria. Throughout all of this
study and experimentation work, the considerable experience of The Boeing Company in the design, certifi-
cation and selling of large commercial jet transport aircraft dominated the decision making process in
the criteria selection. These studies culminated in the publication of a sizeable Boeing document en-
titled 'S-ability and Control, Flight Control, Hydraulic Systems and Related Structures Criteria for the
Supersonic Transport."

S~ DISCUSSION

Figure 1 outlines some thoughts on what should be the content and tone of a criteria specifi-

cation for commercial transports. First and foremost, a criterid must insure safe handling qualities for
all regimes of flight operation. In addition to the normal flight operations, operation to the extremes
of the flight envelope, and operation in severe turbulence must be specified. Also to be considered are
flight oerations with systems failures. A criteria specification must also consider the critical com-
binitions of these items that have a reasonable probability of occurrence. For example: the airpla-e
mui , be able to operate safely in turbulence of some specified level following flight controls systems
fa- tures.

The criteria specification must also provide" ~HANDLING QUALITIES CRITERIA

for demonstration of compliance. This is often diffi- FOR SUPERSONIC TRANSPORT
cult to do but should be a controlling consideration
in the developzent of each criterion.

Finally, the criteria should avoid dictating 0 CRITERIA SHOULD tN$URE SAFE HANDLING
the design detail of the aircraft and its systems.
For example, instead of specifying namerically the o FOR NGORAL OPERATION
required levels of stability or maneuvering control o FOR OPERATION TO OXTREMES OF FLIGHT
force gradients, it would be preferable to word the ENVELOPE
requirement in .ore general terms, such as: * FOR OPERATION IN SEVERE IURBULENCL

o FOR OPERATION WITH SYSTEMS FAILURES

"Control system/pilot compatibility must CRITERIA SPECIFICATIO4 SHOULD PROUDL ;R
be maintained throughout the speed/altitude oLMORSTRATION Of COMPLIANCE

envelope to ensure adequate control
response and maneuverability with reason- o CRITERIA SHOWtD AVOID DICTATING AIRCRAiT

AND SYSTEMS DESIC.' DETAIL
able control forces, linearity of response,
and protection against structural damage rigure 1.
due to overcontrol."

This anproach to a criteria specification places the responsibility on the designer to provide
a satisfactory configuration, but gives hm freedom to select, design and optimize the airfr&me/systems
combination to meet the specification.

Let us now examine a few of the criteria that were developed to guide the design of the Boeing
SST confiGuration and its flight control system. Figure 2 presents some examples of the criteria devel-
opei for lonGitudinal stability. it shows criteria adopted for normal operation of the aircraft, and
criteria enployed for minimum safe syste:,ms operation. M.inimum safe operation refers to the most degraded
levels V' aircraft hardlling qualities that still per.-it sale operation. Time does not permit detailed A

discussion of each criterion listed. Instead, the criteria that will be discussed are those that differ
significantly from past epproaches to the specification of longitudinal stability. For example, for
nornal systexiv operation response characteristics are specified in terms of pitch rate time response
boundaries. These boundaries are ex.ressed as tle ratio of pitch rate-to-steady state pitch rate as a
function of time following a control input. Tnese bcundaries provide more specific guidaice for design A
of the flight control system than do criteria specified in terms of frequency, damping and nz5 .
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For minimum safe system operation, a wide range of maneuver force gradients is permitted, but
it is still required that the aircraft maneuver response be stable. Speed stability, in terms of control
force versus speed, is not required. Instead, the airplane is permitted to be unstable, and then we
specify the maximum level of instability that is permitted. The permitted level of instability is stated
in terms of ttne to double amplitude of the unstable root of the longitudinal equations of motion. It is
required that the unstable root must not double amplitude in less than six seconds.

Most of the other longitudinal stability requirements listed on Lhe chart are conventional in
nature. dowever, the specification w:ruvitting static instability is a new approach to aircraft design.
This approach was taken to improve the aarplane longitudinal balance, redutce aircraft weight and aero-
dynamic drag, and thus improve phyload/range performance.

Figure 3 shows the relationship between longitudinal handling qualities and zime to double
amplitude of the unstable root. It is a surmaation of pilot ratings obtained as a function of the level cf
airplane instability. The curved line on the graph summarizes the mean pilot rating is a function of time
to double amplitude as ubtained from various experiments on fixed-base simulators, moving-base simulators
and variable-stability aircraft. It is seen thut pilots can safely control the airplane with time to
double amplitude as low as three seconds. This is indicated on the graph by the pilot rating 6-1/2 inter-
section with the curve. At pilot rating 6-1/2, the aircraft handling qualities are objectionable, but the
pilot can still retain safe control of the airplane. The criterirn of six seconds to double amplitude
was based upor experimentation of this type, and the consideration to provide a comfortably safe margin
for commercial aircraft design.

PILOT RATING OF LONCITUDINAL
LONGITUDINAL STABILITY REOUIREMENIS HANDLING QUALIrIES FOR

UNSTABLE SST CONFIG0RATION
NORMAL SYSTEM OPERAT ION

o STABLE MANEUVER CONTROL FOPCE AND DEFIECTION 10

GRADIENTS 25 T.3 45. LBS19).
o SPECIFY MANEUVER RESPONSE CHARACTERISTICS.

OIOSS VS TIME BOUNDARIES. B

"o STABLE SPEED STABILITY (CONTROL FORCE VS SPEED) PILOT MINIMUM SAFE
"F"fR FLIGHT IIIHERE PROLONGED OPERATION OR PRECISE RATING - ---------- BOUNDARY OF
AIRSPEED CONTROL IS NECESSARY. COOPER 6 PILOT RATING SCALE
MAXIMUM GRADIENT I L61KNOT. SCALE

o SPECIFY DYANMIC DAMPING.

o KO LOCKED-IN PITCH UP.

MINIMUM SAFE SYSIL., OPERATION

2
o STABLE MANEUVER FORCE GRAr!ENTS IS TO 100 LBS1qI.

o SPUD STABILIIY %,', REQUIRED

lEVEL OF INSTABIL3TN LIMITED TO 0
UNSTABLE 'ZOOT MIISI NOT DOUBLE 0 2 4 8 I0 2
AW.1ITUDE IN LESS THAN 6 SECONDS

o SHORT PERIOD DAMPING RATIO NOT LESS TýIAN .1. TIME TO DOUBLE AMPLITUDE OF

o NO TENDENCY FOR SIJSTAINED OR UNCONTROLLABLE UNSTAULE ROOT
OSCILLATION.

Figure 2. FiCure 3.

The time-to-double amplitude criterion may !eter.nine the aft center of gravity lij-t for the
airplane. If it does not detcrine the limit, an additional consideration must be evaluated. Figure Is
graphically states an additional criteri~n of controllability for selecting the aft center of gravity
limit. Showr here are the limiting stability and crntrol characteristics f r an unstable airplane,
wherein the most aft pernissible operating center of gravity must still ensure adequate nose-down control
throughout the operating angle of attack range.

Figure 5 specifies high-speed longitudinal AIT C.G. LIMT SELECTION
control requirements. Criteri4 are stated for
normnal operat~ot and for minimum safe operation. ANGLE OF ATTAS-K- FULL NOSE-DOWN
These criteria are shown more graphically on Figure PITCH CONTROL
6 in a plot of maneuver load factor vs speed. The SH/Ie = 150/250

shaded area shows the required meneuver-load factor
envelope for control. This load factor envelope
is seen to be w:ell inside of the structurai design LH O OPOIEAEVT
load factor envelope. Boeing studied h:ve shoin, ALPHA FOR CONTROL FOR AMI

VMIN OEM ?4 CONTROL FOR DYNAMIC
that these levels of maneuver capability provide STALL RECOVERY
safe operation throu~hout the flight envelope. For
example, a load factor capability of 2 1,'s at m,.ax- TRIM
imur, operating speed decreasing to 1.5 g's at max- ALPHA UNSTABLE GRAD)IENT
Imum dive sneed has been shown to provide a satis-
factory level of control for recovery from dive up- TRIM 6H!le
sets. It should be noted that thic maneuver capa-
bility is required -;n either symmetrical or rolling 4- NOSE UP NOSE DOWN
mnaneuvers; the intent being that application of roll
control must not compro.ise the longitudinal maneuver PITCHING MOMENT (AFT CG LIMIT)
camability belyo, the levels specified. Figure
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LOW.ITUDINAI CONTROL

HIGH SPEED LONGITUDINAL REQUIREM%,t.1'S FOR
CONTROL REOUIREMENTS NORMAL OPERATION

NO~RMAL SYSTE.MS OPERATION STRUCTURAL DESIGN

o DEVELOP LIMIT ANGLE Oý ITTACK OR LOAD 3.1IMT
FACTOR 29 ORNEN TRIMMED FOR 19 CI.IGHT Al
ANY SPEED UP TG VVOIMMO) 2.0

0 DEVELOP n -L5g AT VD;M9 4WEN TRIMMED1

FOR 19 FLIGHT AT V*!.MW LOAD *
MINIMUM SAFE SYSTEMS OPERATION gS
o DEVELOP n -L 5r .AEN TRIMMED FOR Sq FLIGHT

AT VyO/MMO

0 DEVELOP n ,L 259 AT VMDI AID HN TRIMMEDOP
FOR Sq AT VMfJMMO. -.

VAINj VOIVE
DEM

*A-. TranSoniC SpeodS this requirement is reduce6 to Z RrEhIRED MANEUVER
1.259 total badi liCtor C3a0fiDty. CONTROL ENVELOPE-

SYMMETRICAL OR ROLLING
MANEUVERS.

A critical design area for sizing the LANDIN; LONGITUJDINAL CONTROL
longitudinal control of SST aircraft :.,ay lie iLn the REQUIREMENTS
low-zsneed flight regim.es, Figure 7 illustrates a .4
require:.Lent established for lotr-speed longitudinal
control canability in the la.ýding; flare. Through
a series of fliolht sitm~ulakor croerin~ents a criterion .2
was developecd to relate pitch attitude accelera-
tion remdiren'ents to the incre.-enta"] lift or sinkt
produced by the control innut. The ,,,ra-)j shows, the 00
acceptable boundary of pitch attitude acceleration: A (LIWIMAX111C
vers-ts the infrerecntal P01-na] acceleration (3) pro- - 9 -.2 JCCEPTABLE
IhTce'T .oy the pitch con~trol inplit. A ncg;ativc value
of g irxiica~es ',he sink nrohiccd vuith cont.rol in~iuts. UNACCEPTABIE
It is -..ypical of short-counled, tailless aircraft-.
that vitch control inputs generate ielafively 1ar,;c

intin forces relative to the noc-un control
*:o:-.en4.5 pro hzcc'T. The bmovJai-i thn st biishes a-.
:"ec; forI. pes ' itch al.titude- acceleration :or
thie mom ~r-cue aircraft. . ure

Ftg~urc 8 suxnarizes so-ýe of the :-ore ct-itioal requirenents for the lateral control yts Thc

criteri .4dfrteBeig~t ~cfed roll -.;erfox.-:ance reo~jire..centr 1i; te.r:, oi' Lime to bo~,as will
be s'hown on .he following char.. Additional recuire-ent.- are tha the airceafL zhould( be able- to nerforn
landir.gs in 3 '-knot, ..O-degrco crassv'inds using no nore than two-thirds of the lateral controll, anid that
roll control pourer be sufficient to prevvnt st~ructral contact, 'urlrt; the landine, whern encornterling P.
20-.00t prsecond sten lateral gust at or near 'the touchdown noint. It is further reouire'i the"t bcnr-
excursiorns be held to no more tha.. 30 degrees durirZ the transients experie..cea for the nost severe nro-
nulsion rszjnem failures that can be exnected to o,.:cur in nunersonic flights, ?b'e 0yn.-m.ic roll rpsnose
charactecristics are specified ;i, ter s, of the ratio oi' roll rate acceleration-to-averagu roll rate followe-
ing control invat. It is also tcecifled that the roll rate nust. never reve--se followir~g a roll c:ed

~ionin Figumre -. or the roll- -erformance re uire:ents szecifie~l as the tin-, required to
achieve a eiven bank angle. It. is reaquired, for exa;:ple, d,;rinsi tai:e-..sff and landing --'.-at the airplianre
achieve a 30-decree ba-n: in no :-ore chan 21-1/? seconds with lltstersz- zmerelting norn-ally. This re-
quirerrent is relaxed to 30 deg~rees in t-Ile seconds for Lhe minim,_- safe rond~ition. It w:ill be noted
that t.he roll ncrformnanc require-ents showr. for the cleart configt~rticn at sneedz un to .a.%7-%= operatinZ
srnee I and stceds iTTO to the raxi-- :-dive s--cc:! are low. relative to so.-,c current _-c ~t~io.- :o'arg
aircraft-. The GOT roll nerfor-arnce recuircenets were de:tcrine1 thro-ugh a considerable a=-,nt of fllight
sirau'ator cx-neri-entation, andl revo-*-: of the roll control canebt)lities of current conne-.rcial jet air~rrr-.ft.
This -.or:-. was ai-,cd at rstablishing reasonable levels of roll ncrforn-snce in ut--arvi-aW.ay fliight. The
-:n lost, roll 1:erfor:-nce speciflied an'ears- to be the-ax.! - renujired for co~v-t.rcial trflns-or, czeeratýion.4
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LATERAL CONTROL LATERAL CONTROt

ROLL PERFORMANCE REQUIREMEITS SPECIFIED

a SPECIFY I:ME TO 04NK AS TIME TO ACHIEVE A GIVEN SAW ANG•E L

o HANDL 30 0M 9 CROSSWiND LANDINS Wii!
NO MORE Sd 253 LATERAL CONTROL NORMAL MINIMUM-SACE

SPREVENT STRUCTURAL CONTACT DURING LANDING CONFIGURATIONR SYSTEMS SYSTEMS

Y.- IH 20 CT.SEC STEP LATERAL GUST AT TOUCPDOWN T
TAJ(Cwltf 30P. ,2.5I sr- 3(P. 4. 5 sec. •

o HOLD BANK ANGLE ONCURSIONS TO 33D OR LESS LAICING
DURING MOST SEVER! PROPLSION SYSTEM

FAILURES CLEAN COMIG. (P5. 7 sec. ,$6 seLU
9 

10 VMO

o SPECIFY DYNAMIC RESPONSE. SUCH AS ,o

POSC.5PAVG. CLEAN CONFMI. t$p. 11 SKc 30P. HI sec.AT VD)

0 ROLL RATE SHALLUNI kEVRSC FOWLUING A
ROLL COMMAND

Figure 8 Figure 9

The foregoing discussions have cited some examples of handling qualities criteria developed as
a result of one designer's attempt to review critically and improve upon existing criteria. The objective
of this criteria development work has been to assure a safe and satisfactory aircraft design, and, wherever
possible, evolve criteria that ease the design constraints imposed by previous approaches to flying
qualities specifications. In this regard, the supersonic tra,.sport studies have shown that substantial
benefits are to be derived in the areas of flight safety and aircraft performance.

A specific example of the performance benefits that can accrue is seen in the new approach taken J
in the establishment of longitudinal stability criteria. As noted earlier, this approach pernits loca-
tion of the aft center of gravity limit aft of the stability neutral point, and requirements are then
specilied to limit the mzxi.tu:- iermitted levels of STANDARD PLUS So C DAY

instability. These requirements assure that the 750.0OOLB MTW
longitudinal bulance of the aircraft and the design AIRPLANE WITH HSAS

of its fli3hL concrol system will nrovide a saft 4.90LB 'OUT

approach to ýle specification of handling qualities SAME RANGE WITHOUT HSAS
criteria for the longitudinal axis. For the Boeing PAYLOAD.
SST, tl2 accentability of the unstrble aliplane was (I0OO LB)Sattained truhthe develo.zient of a stabili~ty

augrentation system that was labcled hISAS. Tnis
chart showzs the payload/range benefits derived fron 225NM l -
the irnrovzd nerformance achievrd for the airplane
designed to these criteria. It is seen that a range
improvement of 225 nautical miles was attained with PARIS-NEW YORK 3200 NMI

the MSAS airplane. Or, more significantly, that a
reduction in payload of 30 percent would be required RANGE

2 to attain the same range withot't the 3=-S concept. Figure 10

The achievement of perfon.:ance benefits of this nagnitude should be a strong incentive to de-
velon new approaches to th!! specification of handling qualities criteria for Sunersonic Transport certi-
fication. Every effort should be nade to assure that the final specification does not inhibit the in-
ventiveness or design capability of the aircraft designer. It is concluded that careful composition of
the cnecification can assure safe handling cualities for all regimes of flight operation and at the same
time nrovide the designer w!"h the op.-ortunity to develon new design approaches that contribute signi-

-* ficantly to improved aircraft safety and economic:.

-A
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OPEN DISCUSSION

R.P. Harper, Cornell Aero Lab, USA

Regarding the plot that you showed of the allowable instability, what was behind that plot?

Was the pitch damper with the hard SAS and furthermore, did you find that without hard SAS, did you
get a different result?

W.T. Kehrer, Boeing, USA

That's a good comment; it should be pointed out that that chart is very specifically our air-
plane with its damping characteristics and its control characteristics both in terms of control power
and feel. Also, the visual display plays a very important part in that chart. I would not want to
imply that that chart ,'uld be applied across the board to new transport aircraft.

D.P. Davies, ARB, UK K

While the Certification Authorities can promise to be ;lexible and cooperative in terms of SST
certificat:on, 't must be understood thaL eventually ff.rrn equir.!ment levels must be established for
quantitative handling requirements.

As one example, the following roll rates are offered as reasonable minima:

normal operation 10°Isec f
single failure case 60 /sec
double failure case 5°/sec

Hr. Kehrer's suggestions in the failure cases fall well short of the above proposals. His value of 30 /sec
at MD (presumably all engines operating) is short by 100%.

W.T. Kehrer, Boeing, USA

We had a great deal of uncertainty about those roll rates, and here vossibly is a lVmitation of the
flight simulation facility. Some of our pilots were telling us that for this corner of the envelope the
only requirement was that when he puts in full wheel the aircraft should roll in that direction. That
is how we arrived at that low level of 300 in 11 seconds. However, when you examine a time history of the
rolling maneuver, you will see that following the initial rise time in the roll response. the roll rate
will stabilize at a value slightly over 5 degrees per second, to achieve the 300 bank in 11 seconds cri-
terion.

1
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THE ROLE OF PILOT RATING IN THE
DEVELOPMENT OF HANDLING CRITERIA

by

Robert P. Harper, Jr.Asst. Head

Flight Research Department
Cornell Aeronautical Laboratory, Inc.

Buffalo, New York 14221

Introduction

Since the earliest days in the development of the airplane the quality of handling has played an
important role. The success of the Wright Brothers, where so many others had failed before, was in
large part due to their successful blend of performance and controllability. Throughout the development
of the airplane success has seemed to lie with those who blended these two ingredients - maximum
performance consistent with adequate handling. Perfornm.ance is something that is usually specified in
terms of objective measures of the aircraft motion capabilities. The quality of handling however, is
difficult to define in a fashion which can be directly measured in what is normally termed an objective
manner. It is easy to make the general statement that the handling quality should be good, but it is
more difficult to set forth specific measturements which if made will demonstrate that the handling is
good or adequate.

The handling qualities are characteristic of the combination of the airplane plus pilot - haniling
implies the pilot's control of the airplane. To measure the quality of the handling one must charater-
ize the behavior of the pilot/airplane combination. In those cases where the pilot's use of the controls
is known, and the effect of this use is also known, a -l+rect measurement can usually be made of the
achievement of a level of handling. An example might be tl'e measurement of minimum nose wheel lift-
off speed as one of the elements affecting the quality of handling during takeoff. The pilot's use of
elevator and throttle controls can be specified allowing either a direct measurement of the lift-off
speed or, in the design stage, a calculation of that speed. Through our engineering understanding )f
the takeoff maneuver, the relationship of that speed to the takeoff speed bears on the adequacy of
pitch controllability during takeoff.

There are many more maneuvers performed by the pilot/airplane combination, though, where
either the use of the pilot's controls is unknown or the effect of the required control use is unknown.
An example here might be use of the elevator to pull "g" in air combat maneuvering. In pseudo-
steady-state flight conditions we can measure the normal acceleration as a function of elevator stick
position, but we don't know how the pilot will apply the elevator stick when a change in g is required.
Since we do not have adequate analytical models of the role of the pilot as a controller, we must use
a real pilot. When the pilot does pull g in air combat maneuvering, we can measure the time histor,
of the elevator motion. We can also measure many characteristics of the airplane motions during the
maneuvering but unless we can relate thstse measuremeuts to combat success, they are not of muchdirect value in judging the quality of handling. This we do by asking the human intelligence present
in the control loop to judge the probable combat p,tential. To do this, he must view the maneuvering
capability which he has seen in the light of the control activity required to achieve that maneuverability
and come up with a quaii7y judgement of its handling.

Pilot ratIng is an irdex which reflects the pilot's judgement as to the quality of the handlin.j and
is oae portion of his total evaluation. The other part of his evaluation is commonly referred to as
pilot comment data and should contain commentary on the nature of his objections to and difficulties
with the handling. Pi.ot rating is not a rating of pilots, it is a rating of the quality of handling given
by the pilot controller.

The role, then, of pilot rating is to provide a ni,-.-' of defining the quality of handling in those
control situations where a direct measurement cannot be made which will provide a meaningful judge-
ment of that quality. Generally the rating itself is of limited meaning without the associated
commentary as to the nature of the objections which led to the rating. The combined commentary
anQ rating data are referrea to hete as the pilot evaluation. It should be mentioned, too, that the
pilot comment data is inco.-ypletc- as evaluation material without the pilot rating since the latter
provides a weighted, overall valu- judgement as to the effect of the various objections noted in the
commertary.

A pilct rating scale for use in the evalu-tion of handling qualities was presented to the AGARD
Flight Mechanics Panel In 1966 by Cooper and Harper (Reference 1) and after some revision was
published (Reference 2) as NASA TN-D-5153. The pilot rating scale presented in Reference 2 seems
to be in general use, among the NATO countries at least. The use of pilot rating in the evaluation of
aircraft handling qualities is discussed in ttiat reference.

Pilot Evaluation - A Discussion of Certiin Problems

Prqbably the greatest difficulty with pilot ratings has to do with the attendant need for ac, .arate
So: -•comment data as to the nature of his objections to the handling. A carefully designed and executed
experiment is reoutred in order to obtain accurate and complete pilot comment data. By its very rature,
this cormmcr.tary is almost aiways lengthy and cumbersome to deal with. Engineers who are pressed t'-r
time ard who must produce .aizvers often neglect or e~ren completely eliminate pilot comment data from
their data collecting experi-,net. The" problem is not that they wish to igf.ore the pilot comment data -
the problem is to digc.l its meaning and summarize the findings in a reasonable length of time. How do

~A
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we - or how 3hould we organize our experiments and question our pilots so as to ferret out the important
material in a significantly less burdensome manner?

For one thing, we continue to need a better understanding of the dynamic behavior of the pilot/
airplane system in order to ask better questions and comprehend the answers with fewer words of
explanation on the part of the pilot. This understanding will require more concentration and research
into the nature of the pilot/vehicle system. We should improve our analytical models (understanding)
of the pilot and how he operates as an airplane controller - in the multiple variable, multiple input
control situation of the real airplane. To do this, we need measurements of the pilot's dynamic control
behavior in the actual flight phases, so that we can better understand his objections. We need pilot
ratings to go with those measures of his control behavior, and we need pilot commentary to assess his
view of his control problems. With these data, we can formulate more meaningful models of him as a
controller and begin to predict his evaluation results in new situations.

Even without analytical models of the real pilot, we need to develop improvements in our
methods of obtaining pilot comment data. The manner in which this is presently done is that the
engineer (with the help of the evaluation pilot or someone who represents his view and experience in
the flight phase) formulates questions based upon his understanding of the evaluation that is to be
conducted, and his a priori knowledge of the results for which he is looking. Free commentary by the
evaluation pilot is solicited in order to cover those aspects of the evaluation results which were not
anticipated or adequately covered in the questionnaire. It is our experience at CAL that even with the
revision of questionnaires following a preliminary evaluation phase, the pilot commentary is long and
drawn out. Good, solid, substantial, important information is present in these comment data but it
requires careful reading and analysis, re-reading and re-analysis of the pilot commentary to ferret
out the important information.

Thus it is basically a communication problem. We don't know enough to ask the correct questions
before we conduct the experiment. In his commentary the pilot must answer or is forced to answer our
inept questions and in addition has to communicate his unanticipated piloting difficulties and observations
to the engineer. The pilot sees and must describe the pilot/airplane combination to the engineer who
fundamentally thinks in terms of the airplane alone. Thin difficulty is further compounded by the fact
that the pilot (hopefully) describes that which he sees in a language familiar to him - one that is some-
times unfamiliar to the engineer. Clearly an improved understanding of the pilot/vehicle system will
greatly aid the engineer in the formulation of his questions and in the analysis of the pilot commentary.

Improved understanding of the pilt/vehicle system is not the entire answer,however, for if we
knew the pilot/airplane system well enough to ask all of the proper questions, there would be little
need for the conduct of the evaluation experiment. We must therefore live with some lack of under-
standing of the pilot/vehicle system. It is in this situation that we should seek an improved means
by which the pilot is aided in logically communicating his (unanticipated) observations and objections
to the engineer. The author of this paper solicits the attention of the audience (and readers) to this
.,rea of need. New ideas and approaches are needed.

As mentioned earlier, the difficulties which are often encountered with pilot comment data can
lead the engineer to set aside or ignore the comment data and concentrate on the pilot ratings. Ratings

are numbers (at least in current rating schemes) which the engineers can feel, weigh and manipulate -
and plot. The pilot rating numbers tell the story of how the pilot weighed what he has seen, but no
amount of manipulation will extract from the numbers the reasons which cause the pilot to select that
number.

Since one overall rating does not give us the nature of the pilot's objections, some researchers
have been led into a number rating system for each of the areas of evaluation upon which the engineer
wants the pilot to comment. The elevator stick forces, the pitch damping, the roll control power and
so forthare each weighed on a scale of goodness from 1 to some number. Frequently the pilot rating scale
of Reference 2 is used to quantify each comment.

There are pro's and con's to this practice. In ae sense the objective of stanJardizing the
pilot's evaluation language is a commendable one. For example, if the elevator stick forces were
referred to as light in one evaluation and good in another evaluation, are these comments really
different? Obviously one cannot tell without more information. If, however, the pilot had used a
standard set of descriptors to characterize his quality evaluation of the elevator forces, this
uncertainty would not exist. But on the other hand, misuse of such numerical descriptions can be
troublesome and logically difficult. If numbers are used does one average the numbers to arrive at a
conclusion? If the scale of Reference 2 is used to quantify comments, is it possible to have the elevator
stick forces rated poorer than 6.5 but arrive at an overall rating of the configuration better than 6. 5 ?
It would seem to be an unnecessary complication to introduce multiple uses of the same scale in one
experiment.

The terms pitch damping and lateral control power were introduced above to point out the fact
that engineers often ask questions about the airplane - alone characteristics, without specifying that the
evaluation pilot perform a specific test to permit evaluation of that characteristic. Without this direction

*• on the part of the engineer, the pilot will likely perform some combined pilot/airplane operation and
comment on some observable characteristic of this combined behavior. He thus may be answering the
question which the engineer did not ask.

Some Troublesome Aspects of Pilot Rating Data

In the earlier days of handling quality evaluations, the most controversial aspect as t-, the role of
pilot rating in the development of handling criteria was centered on whether pilot evaluations were any
more meaningful than man-on-the-street opinion. This concern has been suppressed by the expert
evaluator concept of the evaluation pilot. The evaluation pilot is net a man-nn-the-street opinion giver. He
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is an expert subject conducting a flight task for which he is well trained. It is his job to evaluate the

combined pilot/airplane capability for the use and to describe his difficulties .with and objections to the
particular set of characteristics.

This is not to say that all skepticism as to the validity of pilot evaluations and pilot rating data
have been laid aside. In fact the skeptics frequently point to the different ratings given by different
pilot3 when supposedly evaluating the same configuration. If the pilots don't agree in their evaluation
results, how then can we put much stock in their answers ?

Let it be said that in the author's experience pilot rating results are reliable and in good agree-
ment both among pilots and with one's self in repeated evaluations of the same characteristics. This
opinion presupposes a carefully planned and executed experiment. Significant differences in pilot
rating should serve as warning flags to alert the engineer to potential deficiencies in his experiment.
If pilot rating differences do occur, several sources for these differences should be examined. First,
be sure that the characteristics which are being evaluated are actually the same. Although mistakes
are generally rare, they do occur - switches get thrown the wrong way, knobs are set wrong and so
forth. For these reasons, calibration data should be recorded for each configuration under evaluation
which may be retrieved later and compared. Next, be certain that the pilots are conducting the same
experimental evaluation - that they envision the same intended use and examine the same combination
of piloting tesks, that they envision the same evaluation situation in terms of environmental conditions,
numbe: of crew members, turbulence and so forth. Look at the apparent weighting given by the
individual pilots to the particular elements of the evaluation.

If the above considerations do not offer reasonable explanations for rating differences, look for
other causal factors and classify these as to their relevance in the experiment. One area which is
often pointed to as a source of pilot rating differences is the experience and backgrounds of the pilots.
Since in most evaluation experiments the set of evaluation subjects is small, one might expect significant
differences in experience and background among the subjects. Therefore any rating differences could be
expected to correlate with these differences in background. Such correlation is often meaningless and
can hide real causes of rating differences. Pilot rating differences can be on occasion attributed to
evaluation pilot attitude or set. One example is the tiger who has a feeling that he can fly anything -

that all airplanes are good, some are just more demanding than others. Other subjects may not be
tigers in that sense but do not have the range of evaluation experience to realize that airplanes can be
made better than those particular ones which they have flown. Both of these attitudes lead to pilot
ratings of a quality better than would appear to be justified. These attitudes can almost always be
favorably affected by seeing to it that the evaluation pilot experiences early in the evaluation program
a range of flying qualities from good to unflyable. The tiger is forced to admit there are some things
that even he can't fly, and the under-experienced or highly specialized evaluator has his eyes opened
'.hrough experiencing handling qualities different than he had ever imagined.

Even with careful attention to these details of experimental design.one will still experience some
variability in the pilot rating results. This variability which remains should be carefully examined, for
it may represent a sensitivity of the handling qualities to normal variability in the capabilities,
techniques, and strategies of the subject pilot population which the evaluation pilot hopefully represents.
One set of handling characteristics is not n~ecessarily of the same quality when mated with the full range-

of variability of the subject pilot population. Some .'ets of handling characteristic:. may well be more
sensitive to this variability in the pilot pcpulation than others, and this sensitivity information is an
important characteristic ol the handling. qualities.

Almost nothing is presently known about this sensitivity to pilot variability. One might expect
that it would have its greatest effect near the limits of pilot capability - that is, in the control of
configurations which would be rated at the unflyable or lower e. d of the pilot rating scale. It is here
that pilot skill and technique may have a significant effect on the s.fety and controllability of the pilot/
vehicle combination. Most evaluation pilots implicitly consider this factor in that they consider
variations in the piloting capability - variations, at least, in their own capability when tired or otherwise
degraded in ability. The full extent of the effect of pilot variability can probably only be determined by
experiment. A relatively large sample size and a representative sample which includes the extremes
of pilot variability would be required. The difficult thing is to assure that one in his sample has a really
meaningful range of pilot capability.

This brings us to a final area of pilot rating to be considered here. The region of the pilot rating
scale of Reference 2 below (worse than) the rating of 6 involves the handling qualities region where the
evaluation pilot considers the airplane inadequate for the intended use. The scale really considers
two possibilities:

1. The objectionable characteristics are such that the configuration is considered
inadequate for the intended use but controllability is not in question.

2. The objectionable characteristics are such that the configuration is inadequate
for the intended use and the controllability is in question.

If controllability is not in question, the rating 7 is assigned. The ratings 8-10 are assigned
according to the amount of pilot compensation required when controllability is ir, questio-. Controllability
in this region of the scale (above 10 but worse than 6) is such that the precision of contrt, is inadequate
for the flight phase with a tolerable pilot workload. When controllability is in question (ratings 8 and 9)
substantial pilot compensation is required lo accomplish the task safely. Thus adequacy in control is
assumed to be a level of quality higher than minimum safe control in that either better precision of control
is achieved, or that significantly less compensation is required on the part of the pilot. Questions have
been raised at CAL during evaluations in .he landing flight phase as to what constituted adequacy as
compared with m;n'mum controllability. Isn't thc adequacy limit (PR=6. 5) the sarre as the controllability
limit (PR=9.5) for a landing' Although there is a difference in most pilots' (and passengers') mind- between
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an adequate landing and a minimum controllable one, the answer is largely in the amount of pilot
compensation required, and the dependence of the lax.ding success upon the presence of that amount of
compensation. This method of categorizing inadequate configurations has, as far as the author is aware,
providi d a iogical basis for handling evaluations to date. The possibility exists, however, that among
the orpanizations using this scale, other experience may be contrary and should therefore be brought
to light'..

One concept which the rating scale of Reference 2 does not treat is the probability of loss of
control. In the ratings 8, 9, and 10, controllability is treated in terms of tie pilot compensation
required for control. For the ratings 8 and 9 successful control can be retained to accomplish the
intended tasks but substantial pilot compensation is required to accomplish it. For the rating 10 the
amount of pilot compensation required is such that the evaluation pilot believes control will be lost
during some portion of the required operation.

The difficulties for the evaluation pilot in applying this scale can best be illustrated by considering
the landing task in turbulence. A rating of 7 might be given because too much compensation is required
on the part of the pilot to obtain an adequ.'te landing performance. The rating 8 or 9 would be assigned
when substantial pilot compensation is required for control,and control here would be such as to achieve
a safe landing. If less pilot compensation was supplied or if the magnitude of the disturbances were
quite unusually large there would be some expectation or probability of exceeding the sink rate at
touchdown limits, for example, and sustaining actual aircraft damage.

As noted above, extreme variations in pilot capability could also result in structural damage for
airplanes rated 8 or 9. The judgement as to these probabilities is left to the evaluation pilot, primarily
for the lack of any known better way of handling these probabilities or these uncertainties.

Two other factors are important in the rating 8, 9, and 10 portion of the scale. One factor
is the state of training of the pilot to whom these handling characteristics are subjected. This judgement,
too, is left to the evaluation pilot but is certainly one to ponder and carefully define in setting up the
experiment. Another factor to be defined is the circumstance under which the pilot is given these flying

qualities. For routine handling qualities experiments for criteria development, concentration is upon
the circumstance that the airplane under evaluation comes with these characteristics. The pilot does not
generally assume that he is suddenly confronted with these characteristics under conditions of large
initial disturbance. Therefore one must be cautious in the application of these general results to specific
problems concerning sudden failure of flight control systems. In the absence of more definitive data for
those specific circumstances, one would probably require characteristics of the rating 7 level if at all
possible.

In summary, it might be said that although substantial improvements have been made in the
evaluation of pilot/airplane dynamics, there are a number of troublesome areas in the execution of
handling qualities experiments, and in the analysis and application of the resulting data. Several of
these problem areas have been noted here, and while some discussion has been offered, too few
solutions are presented. It is hoped that these pr'oblems and others will be discussed at this meeting and
a stimulus given toward the solution of these problems. It is likely that total solutions will not be rapidly
forthcoming; however, an evolutionary improvement is both desired and foreseen.
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LEAD DISCUSSION

by
Jean-Claude Warner

Service Technique Aeronautique
Paris XV France

On reading the paper by Bob Harper yesterday I was very disappointed. I had no questions to ask him. 1
totally agreed with his point of view. It is a very unpleasant position for a discussorl So, I shall
make only some comments on his very interesting paper and leave the discussion, if necessary, to the
audience.

My first remark shall be about the use of the Cooper-Harper scale. We cannot use this scale to rate
anything. We use some scales in order to rate for instance the work of pupils at school, the perform-
ance of ski jumpers at Olympic games, the tast* of cakes if necessary, but all these scales are not
Cooper-Harpor scales. We have to be very careful to use the Cooper-Harper scale only as an index for
evaluating the pilot workload and nothing else - namely not for evaluating the effectiveness of a pitch
damper or the validity of lateral control power. We can only use the Cooper-Harper scale to evaluate
the modification of workload due to a modification of a damper or due to a modification of the control
power.

I think it is also very important to insist as a point related to the last one that rating seven or ten
does not mean that the aircraft is unacceptable - it means only that the index qualifying the workload
is seven or ton and nothing else. In certain cases the rating ten can be acceptable if the corresponding
tested flight case is highly improbable and the rating four can be unacceptable if the tested flight case
corresponds to a dail situation.

And now let us have a look at the problem of divergence between pilots.

When I gave my definitions of controls, selected and true configurations, state of the aircraft, state
of the atmospher,, state of the runway and task, it was precisely to be sure that the pilots were doing
exactly the came jobs. As you have said, it is possible to record a number of parameters in order to be
sure that the task is the right one. It is true for checking the selected configuration, the failure
situation, the mass and the c.g. location, even for checking the state of the atmosphere by making some
turbulence measurements for instance. But there are two things that we cannot chock by a record for
the moment.

The first is the definition of the objective of the subphase. When I say "the definition of the objective"
I speak mainly about the tolerances. Remember that the objective of a subphase is given with tolerances,
taking into account the possibility of performing the next subphase. Generally these tolerances are not
strictly specified to the pilots, and they can be estimated differently by them. It is evident then that
the workload can be different if the pilots are trying to obtain different precisions of control.

Another thing which cannot be checked by records, at least for the moment, is the flight technique. In
the definition of the task we have included the flight technique, which is the relationship the pilot
tries to maintain between various parameters such as speed, altitude, angle of attack, bank angle, and

so on. It is fundamental to describe clearly and precisely what flight technique is to be used, since
some confusion can arise if different flight techniques are used by different pilots.

Another remark you have made concerns the psychology of the pilots. You have spoken only about one type
of tiger - the tiger who gives only good ratings. I know of another type - the tiger who gives onlv bad

ratings thinking that he has been able to land the flying machine only because he is so clever and skillful!
I think, like you, that it is necessary to make a precise choice through the test pilots, taking into
account these psychological factors. We have, I think, an equivalent problem for simulation pilots who
have to accept the artificial sittation of the simulator. The evaluation pilots have to evaluate the
workload and not evaluate their own skill. I think that a serious psychological training effort is
neceoeary to obtain this result.

A great number of things could be said about the problems of training and experience of evaluation pilots,
but we do not have enough time and I prefer to spend some time on the interpretation of the scale. When
a pilot ic fulfilling a task he has tvo objectives:

- First, he has to observe what I call the immediate safety of the aircraft. In other
words, he has to maintain within the limits the different flight parameters like
attitudes and angle of attack; if any one of these parameters crosses the limit there
is an immediate risk of an accident.

- Second, he has to observe what I call the short-term safety, in other words the toler-
ances of the objective of the subphase. If he cannot observe these tolerances there
is another risk of an accident since he cannot begin the next subphaes in good position.

Some experiences have shown that when we artificially increase the workload of the pilot, for instance by
modifying the apparent inertial and aerodynamic characteristics using a variable stability aircraft, the
pilot can observe the two types of safety until a certain level of degradation is reached. Then he leaves
the observation of the short-term safety to observe only the insediate safety. Fcr a second level of degra-
dation the pilot cannot even observe the imediate safety and looses control of the aircraft.

To my mind the first level of degradation corresponds to the rating 6.5; or, more precisely, to the jump
from the one-to-six range to the seven-to-ten r- ,e, because 6.5 means nothing. Indeed, we could use letters
instead of numbers and I dor.'t know exactly the ..*aning of F.5. Similarly, the second level of degradation
corresponds to the jump from the six-to-nine range to the ten rating.

I think that what I have said is exactly the same thing that Bob Harper has presented in his paper, but not
with the same words. So, for ratirgs from one to six the pilot's worUload is increasing but he can fulfill
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the task. From seven to nine the pilot provides his maxiimu work and has to leave a part of his objec-
tives i•, order to control his aircraft. For a rating of ten, the pilot cannot even control the aircraft.

To sum up, the scale from one to six is an index for uorkload increasing from near sere to one hundred
percent. The scale from seven to nine is an index for the difficulty the pilot has in controlling the
aircraft and a rating of ten means +hat the pilot has lost control.

To obtain a rating from the pilot we have to ask him three ouestions:

- First question - Have you lost control of the aircraft? If the answer is yes, the rating
is ten. If tha answer is no, we ask the next question.

- Second question - Have you observed the tolerances of the objective of the subphase? If

the answer is no, the rating is seven, eight or nine. The choice between these three
values depends on the hesitation of the pilot to answer the two questions. If he has
answered no to the Zirst question with hesitation (it was a "no but") the rating is nine.
If he has answered no to the second question with hesitation fit was again a "no but") the
rating is seven. If there was no hesitation for both the first and second questions the

rating is eight. And now if the answer to the second question is yes the rating is in the
one-to-six range and we have to ask another question to precisely establish the workload.

- Third Question. I think it is here that the main difficulty occurs with the evaluation
scale. We can use descriptions of the workload an they are used in the scale proposed by
Messrs. Cooper and Harper. Personally I think it is difficult to make a choice between
six possible cases. So I would propose, although I have not for the moment good reasons
to demonstrate that it is a better way, shat we ask the following question - Was the work-
load higher than the maximum workload admissible for daily use? With the answers of yes,
no, and no but possible, it is then possible to further subdivide the first range of the
rating scale into three parts corresponding to the ratings from one to six. The main
problem is to be sure that every pilot agrees on the meaning of maximum workload admis-
sible for daily use.

I think that I have spoken enough for now and that it would be the right time to open tha discussion
with the audience.
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OPEN DISCUSSION

A.G. Barnes, UK (to Mr. Wanner)

The suggestion of Mr. Wanner that pilot rating is only a rating of workload is superficially
attractive, but seems to me to be unduly restrictive. It prevents the pilot from including in his
rating his background experience, and his ability to extrapolate to the circumstances for which the
rating iG needed. For example, in still air, with decreasing aircraft stability we would still get
good ratings. For the same aircraft in turbulence, the aircraft would be bad (the pilot rating would
reflect turbulence level). If the pilot only rated workload for a set task (and he is probably a poor
judge of workload) then we would lose that part of the pilot's judgment which says that "in this case I
was able to perform well, but I could not do it every time".

Mr. Wanner, French Air Force, France

I totally disagree with your point of view. I think that we can't ask the pilot :o Imagine what
the aircraft would be like in another condition. For your example the pilot could not imagine what could
be the handling qualities with turbulence, if he has never flown the aircraft in these conditions.

Sqn Ldr D.C. Scouller, RAF/ETPS, UK

I think it is necessary to distinguish between pilot opinion and performance. You yourself cite
the case of the "tiger" pilot who distorts the results. I submit that, provided one uses objective
evaluation pilots, carefully defines their task, and gives them some training in that task, they should
give similar opinion ratings, but their performance may be different.

R.P. Harper, Cornell, USA

It is advisable to give a pilot a complete range of conditions at the beginning of the program
tc handle the "tiger" pilots who say they can fly anything. This will force them to admit that there
are aircraft that they can't fly and 10's will result. There are many things that go into an experI1t.t
and there is a need for a lot of planning prior to the experiment.

I
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CRITERIA FOR STALL AND POST STALL GYRATIONS

by G.J. Hancock, Department of Aeronautical Engineering,
Queen Mary College (University of London)

London, Eng2.and

SII4MARY

The handling requirements as laid down by the B.C.A.R. are described, problem areas associated
with the interpretation of the regulations are discussed.

1. INTRODUCTION

The purpose of this note is to outline some of the problems associated with the handling characteris-
tics during approaches to, and excursions beyond, those operational limits of present day commercial air--
craft which are related either to their stall characteristics or, for certain configurations, such as
slender configurations, to their rate of climo capabilities.

In normal operation satisfactory handling qualities are primarily assessed on the niceness of control
which is oased objectively on the overall stability and control characteristics and subjectively on collec-
tive pilot opinion; it is implied that a high degree of safety is incorporated once the ha,:dling aspects
are acceptable. Howetver in the stall and post stall regimes, or alternatively in the neighbourhood of a ss
minimum flight speed cena4ition, safety is paramount, hence stringent airworthiness requirements have evolved
which are aimed at ensuring satisfactory dynamic behaviour fbr virtually all possible high angle contingen-
cies: handling qualities are deemed satisfactory when recovery from post stall gyraf.ons has been adequately
demonstrated. Therefore, a description of the handling qualities in the stall enviriment leads dzrectly
to a discussion of the stall requirements as they are app±ied in flight test procedures and in operational
flying.

As already stated the emphasis is on commercial aircraft. outlining in the main the attitude in the
U.K., as reflected in the British Civil Airworthiness Requirements of the Air Registration Board. It is
hoped that points of divergence from other countries will arise in the discussion at this conference.

It is easy to appreciate why the stall requirements continue to present problems. Airworthiness
requirements incorporate past experience, which by now is not inconsiderable, whilst endeavouring to meet
current trends. But modern configurations cover a wide range in shape and size from the swept conven-
tional aircraft, often with its ill defined stalling characteristics, to the slender aircraft, when con-
ventional stall no longer occurs, to the V/STOL breed of aircraft where power and aerodynamics are inextri-
cably bound up together. Necessarily the stall requirements can only be phrased in qualitative terms and
often it is in the interpretation of these requirements for specific aircraft that difficulties arise.

"No one will dispute the basic philosophy of relating the airworthiness requirements and thoseoperational limizatinns applicable to the low speed flight of the stall condition, or to some alternative

minimum flight speed. Factors are applied to fix the operational limitations.whik-hthen permit adequate
margins for rsnoeuvring, to allow for probable speed variations, and to prevent reasonably proba" le
meteorological disturbances from stalling the aircraft. In the rare events that take an aircraft inad-
vertently beyond its low speed operational limitations then unmistdkeable stall warning mast be present to
infor= the pilot of what is happening, and in the even rarer event of excursion beyond the stall, ability
to recover, relatively quickly, is imperative. In practice safety factors appear to be well chosen from
the point of view that a sati-factory level o' safety has been achieved in low speed flight; typical
quoted figures suggest that the probability of reaching the stall warning is of the order of 1 in 10 3
while the probability of occurrence of stall i -,f the order of 2. in 109.

Understanding of :he reasons for the effectiveness of the varios safety factors is not in any way
complete; the overall factors have been empirically established over the years but the breakdown into
proportions which allow individually for manoeuvring, speed variability, and turbulence is not available;
this gives rise to difficulty in fbrmulating equivalent factors for new configuretions which follow
novel operational procedures.

The definition of the datum for the minimum speed in steady level flight, the specification of the
factors of safety, the demonstration of satisfactory dynamic behaviour in inadvertent excursicns beyond
the operational limits have important repercussions in the design stages. If flight tests show in-
adequacy in meeting any airworthiness stall requirements, the consequences can be expensive and time
consuming for the traditional remedies of 'quick fixes' are increasingly difficult to achieve, major
modifications may be required. Ideally the aim must be to acquire at the design stage all the infor-
mation necessary to predict the aircraft behaviour at low speeds and at high angles of attack, prototype 4

flight tests should then be made to check out and quantify the predicted trends, not to iniestigate un-
known conditions.

2. IDENTIFICATION OF THE STALL AND MINIMUM SPEED CONDITION

Identification of the stall and minimum speed condition is an important aspect in the programme of
test flying on a prototype commercial aircraft. But the stall identification is not a straightforward
matter, fbr even one basic configuration operates over a wide weight and height range, while in the low
w-eed regions the effects of the full range of slat and flap settings must be considered. Even Mach
numbers, at low speeds, can have a not inconsiderable effect.

Ideally stall recognition should comprise some prior warning from buffeting while anj deterioration
of the handling qualities should be progressive, followed by an inherent tendency to reduce angle of attack

1 - .--- I --- - - - - - - - - 1 r * _ - - -1 - - -- '
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at the stall; adequat+e stability and control, both longitudinal and lateral, must be present at all I
t times prior to the stall. Unfbrtunately these ideals are becoming increasingly difficult to achieve:

excessive buffeting, excessive build up of drag, pitch up, wing rock, excessive wing drop, loss of
directional stability, lateral limit cycle oscillations are all phenomena said to have been observed in
"recent years.

In general it would be hoped that some 'a priori' knowledge on the stalling cuaracteristics would 1
be available from wind tunnel ueasurements before the flight tests are undertaken. But mainly because of
difference in Reynol ds number, vind tunnel results can be misleading in conditions where flow separations
are occurring. This is one area where far more research is required to clarify the role of the wind
tunnel measurements in providing reliable information concerning full scale stall behaviour.

Stall identification, per se, is not part of the requirements; these are more concerned with satis-
faction of rtccvery procedurec.

The Briti , Civil Airworthiness Regulations (D2-11) refer the flight requirements to limiting speed
conditions whose defiaitions may be paraphrased:

Stalling Speed - speed at which a large pitching or rolling motion, not immediately controllable, is
encountered when the speed of an aeroplane, trimmed for a speed approximately 1.4 times
the Stalling Speed, is reduced in straight flight at a rate not exceeding 1 knot per
second; an uncontrollable pitching motion of small amplitude associated with pre-stall
buffet shall not be taken as indicating that the Stalling Speed has been reached;

Minimum Steady Flight Speed - minimum steady speed obtained with the elevator control in the most rearward
possible position following the same manoeuvre (as that described above in the definition
of the Stalling Speed), this speed does not apply where the Stalling Speed occurs before
the elevator control reaches its stops;

Minimum Speed in a Stall - minimum speed obtained when the (above) stalling manoeuvre is executed;

One-g Stalling Speed - minimum speed in flight at which the aeroplane cm, develop an aerodynamic force
perpendicular to the flight path equal to the weight of the aeroplane. 4

These various speed conditionz; need to be established for the various conditions of loading, configuration
and power which are necessary for compliance with the stall handling requirements.

The tandling qualities are specified for the slow approach to the stall in steady flight with sym-
metric powe.:, on and off:

'from a value sufficiently above the Stalling Speed (or Hlinimum Steady Flight Speed) to enD'•re a
steady rate of decrease, the speed shall be reduced at a rate not exceedine 2. 1 per second until
the aeroplane commences a large amplitude pitching or rolling motion, or until the elevator zontrol
reaches its stops; in the recovery the engine power shall not be increased but normal use of the
elevator may be made after the large axnlitude pitching or rolling motion has unmistakeably
developed.'

In straight flight the normal methods of (lateral) control should maintain the aeroplane substantially
level and on a stbstantially constant heading until the large amplitude motions occur. After initiation
of that large pitching motion and before completion of the re-overy, .. disturbance in roll is acceptable
provided that its magnitude does not exceed on the average approximately 200. In turns with bank up to
300, lateral control again needs to be adequate and the roll following the stail shall not be so violent
or extreme as to make it difficalt, with normal piloting skill, to make a prompt recovery and regain
control of the aeroplane, without exceeding the maximum permissible speed appropriate to the configuration,
or the allowable limit load factor, and in any case shall not be such that an angle of bank of 90° is ex-ceeded!

These handling qualities need to be demonstrated for the most adverse c.g. position, range of wing
flap positions, landing gear retracted and extended, cooling gills in 'appropriate' position and specified
power levels. In addition recovery from stalls in steady straight flight with one power unit operative
must be possible.

Several distinct aspects of these requirements deserve comment.

Anomalies have arisen in the past on conventional swept aircraft over the definition of the datum
for the minimum speed condition. Using the minimum speed in the stall rather than the 1-g stalling speed,
then with the same applied safety factors the margin of ability to manoeuvre can be considerably reduced.
Safety factors and the establishment of the low speed operational limits affect the handling assessme-it
indirectly in the sense that a pilot requires confidence in flying an aeroplane; if the factors are low
or incorrectly based then too frequent excursions into the stall environment, even with an ideal inherent

=* stall behaviour, must make a pilot uneasy especially when compounded with the total work load required in
low speed phases of flight.

In respect to the handling requirements themselves it is seen that the classical concept of an
inherent nose down motion if an aeroplane stalls is no longer implicitly stated in the regulations (pitch
up has probably killed it), recovery is deemed satisfactory if obtained by the normal operation of the

* elevator after the large pitching or rolling motion has unmistakeably developed. Such a regulation cannot
be said to be precise primarily because it is intended to provide the spirit rather than the letter of
"satisfactory airworthiness in its application to a range of configurations. Piloting skill and experience
are important features in the demonstration of the stall manoeuvres, especially in the early stages as
regards the timing of the recovery process itself, e.g. when to apply the down elevator action and the rate
of application of the elevator. Shall diflerences in the timing of the recovery action, and in the rate of
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application of the elevator, can spell the difference between a satisfactory recovery and a major upset.
It is not an easy task to ascertain what margins are present in a series of successful recoveries.
Essentially there should be a comprehensive back up programme of analytical dyvnamic studies together with

simulator studies although it is recognised that the aerodynamic input data may be somewhat unreliable;
these points are discussed in more detail later.

For some conventional aeroplanes the stalling conditions cannot be investigated because the handling
at low speeds degenerates to such an extent that there is a significant probability that the flight phase
may not be completed successfully. It might be expected that auto stabilisation would be employed to
alleviate this problem but vital questions are then raised regarding the relationship between the integrity

of the system and the possible con'equences of failure. From a handling point of view, in this case, the

low speed datum should be in terms of a 'handling limit speed' but such a limiting condition may impose
unacceptable performance penalties; possibly a situation which calls for a return to the drawing board.

One particular aspect of autostabilisation deserves special mention and which highlights other funda-
mental points. Some aeroplanes which operate close to, or below, the minimum drag speed, are being fitted
with auto throttle to maintain speed stability. Since the low speed stall will also be below the minimum
drag speed, then for consistency with operational flying, the auto throttle shottld be in operation. But
the slow approach requirements as they stand are in terms of decrease in speed of not more than 1 knot per
second which the auto throttle will presumably suppress. Fundamentally, and it has always been recognised
as such, stall is a function of angle of attack, also rate of change of angle of attack, rather than speed.
It would be more logical to express the safety margin in terms of angle of attack, especially from the point
of view of accounting for atmospheric turbulence effects. However, the use of spaed is more convenient
and is by now well established; it is understood that the definition of the slow rate of decrease of speed
is equivalent to a statement on the slow rate of increase in the angle of attack. Here the case of auto
throttle must be regarded as a special case, although in the near future it may become commonplace, the
requirements may need to refer to angle of attack; such requirements have yet to be declared.

Many commercial aeroplanes, although controllable to high angles of attack, do not experience dis- .:
tinctive stall characteristics; neither the large amplitude pitching nor rolling motion, asked for in the
regulations, materialise. On the other hand large increases in angle of attack can build up sometimes
resulting in large lossLs in height, both of these effects have led to catastrophes. Often these effects
are not appreciated by the pilot. There is one recorded incident on a Lockheed C-14! on a stall manoeuvre
in which the aircraft pitched down satisfactorily at the stall as far as attitude was concerned but the
angle of attack trimmed out about 7 above the stall angle of attack; the pilot reported satisfactory
stall behaviour' To ensure that high angle of attack situations do not build up, the identification of
the stall is artificial, namely by the stick pusher. In general the stick pusher is actuated when th-
aircraft attains a predetermined angle of attack, which is monitored for flap position, rate of change of
angle of attack, etc.; sometimes, as on the V.C.lO, twin klaxon horns also soUnd to inform the crew what
is happening. Once the aircraft returns to angles of attack some degrees lower than the predetermined
settings the pusher is released.

reliability of a stick pusher device, according to the B.C.A.R., must conform to the requirement:

'No single failure or likely combination of failures will result in failure of the device to
actuate at any time when it is designed to be actuated unless the probability that it will fail in
this way (from all causes) is less than one in a hundred.'

It is mandatory to provide warning when the system for actuating the device has failed.

Unwanted actuation of the stick pusher device, a point of major concern to airline pilots, is
covered in the regulations in a gross sense; safety is not to be significantly prejudiced, structural
limit loads are not to be exceeded, and no undue difficulty in control and operatior of the aeroplane is
to be caused; predicted rates of occurrence of unwanted actuation must be specified.

In the regulations it is stated

'a means for disarming the system should be provided and should be effective at all times; this
means should be capable of being readily selected by the pilots; an unmistakeable indication
should be given, and continue to be given, to the pilot that the system has been disarmed.'

It is intended that the device should be automatically armed, and stay armed, except

(a) at air speeds at and above which the risk of stalling as a result of an atmospheric disturbance
is Remote (e.g. a 66 ft/sec gust) in which case the system should automatically re-arm when the
air speid falls below these speeds;

(b) where it can be shown that the risk of stalling is Extremely Remote (e.g. when a high integrity
automatic landing system with automatic speed control is in use).

It would appear that the complete stall identification system is complex, questions of integrity
then come to the fore. But stall warning (shakes, knocks), stall identification accompanied by klaxon
horns, warning for system failures, warnings for system disarming, must all contribute to the bewildering
environment for the pilot.

All of the preceding discussion has been relevant to the more conventional aircraft with the standard
flap systems.

One promising development especially for the control of large conventional aircraft along a specified
flight path is tne advent of Direcu Lift Control. The suggested forms for D.L.C. at present depend on a
fast-moving spoiler or flap; in its null position in steady flight the spoiler will be partly raised and
the flap less than fully deflected, thus the stalling ,peed will be higher with the D.L.C. system operative

artL~
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than that of the same aircraft wirih the D.L.C. ivoper.tive. Whether or not the actual qualities at the
stall would be modified is not knc:n. The problem is now to ascertain what factors shoald be applied to
z,,he stalling speed of a D.L.C. aircraft bearing in mind its superior handling characteristics.

The introduction of the new -'fiouration of th- slender wing aircraft requires a complete revaluation
of the low speed limits. Slendt -", aircraft do not experience the stall of classical aircraft since
fluw separation at the wing leading c.ges is highly organised into discrete vortices, lift is not lost
(until extreme incidence) but a large induced drag appears and the aircraft performance is impaired. It
is necessary to define the zero rate of climb speed, V2* as the minimum speed at which an aircraft, underSa giwtn set of conditions, can maintain level flight; this phenomenon has already been experienced in
flight. Flight near thib condition is potential~ly hazardous since a pilot may not be aware of approaching

or passing below Vz¢ and by the time the pilot L~as realised his position and recovered considerable
height can be lost; such an event at low altitude could be catastrophic. One difficulty is that since
Vzr.c is not purely aerodynamic in origin it varies with many more factors than conventional stall, including

altitude, lower setting, air temperature, aircraft configuration and weight. The airworthiness authorities
propose to qubotitute Vz•c for the stalling speeds in the appropriate regulations and definitions for appli-
cation to slender aircraft.

Because it is necessary to aevelop a clearer understanding of the factors involved in flight near
Vzac, research Pa, the R.A.E. (U.K.) is focussed on

Mi) the bess technique for determining V.ac during flight tests;

(ii) the best technique to minimise the height lost during re.:overy from speeds below Vp., and
what height losses are incurred using this technique;

(iii) the training of pilots to follow the best techniques;

(iv) the speed margin required during normal flying operations to avoid the r5sk of speed accidentally
falling below Vzfc;

(v) whetner a pilot during normal flying operations in a slenaer wing aircraft needs an instrument
to warn him when the speed approaches Vuftc.

Finally some brief comments on V/STOL configurations. Because of the wide range of design options
it has to be recognised that each configuration may need to ba treated individuallj. But in general
terms at low speeds in all types of V/SiDL coniigurations, handling qualities differ substantially from
conventional aircraft, due f:or example in the longitudinal motions to the coupling of phugoid and short
period motions, and to lateral sensitivity to atmospheric turbulence; in these cases where the handling
characteristics become deficient, the introduction of autostabilisation raises the problems of integr-ty
mentioned earlier in relation to conventional aircraft.

In most V/STOL configurations it is expected that stall requirements will have to be met and that
a stall cc ndition will be used as the datum for operational limits; the stali condition would now be
complicated by power effects and the stall would need to be defined in terms of operating procedures.

For configurations which achieve STOL capability either by combining moderate wing loading with
high natural lift coefficients or by combining h.&h-r wing loadings with very high lift coefficients
(induced artificially) the stall may be expected to be sudden. with serious g loss; in this ease
because of low approach speads a.mospheric turbulence is relatively more effective so margins should be
increased.

In the case of V/STOL aircraft that are only partly ving borne the severity and nature of stall
behaviour depends on the ratio of wing lift to zotal lift but it is expected there will always exist
some stage, most probably during the transition from whclly wing borne flight where stall is critical.

it would appear that in all of these cases of V/STOL configurations the concept of a unique
stalling speed is not valid and the requizemrnts and limitations upon margins .ill have to be related
back to incidence.

3. DYNAMIC STALLS

In the preceding section, those problems associated with the iientification of the stall characteris-
tics in slow approachez have been discussed. !n addition stall requirements also call for Iynamic Stalls;
the philosophy of the Dynamic Stall manoeuvre is that it endeavours to represent a likely type of inadver-
tent stall as might be experienced in extreme turbulent conditions.

According to the B.C.A.R.,

'there shall LP no violent wing-dripping and io tendency to spin "hen the aeroplane is stalled (and
0recovered), in turns with bank up to 30 , when the stall, is approached at a natural -ate - thr.t is -

a rate appropriate to the aer.,plane and appreciably geater than 1 knot per secon.'

The dangers of -0he dynamic stall manoeuvre are not so much Cue to the rate of appronzca, as such.
although in some case. the characteristi.-s of the stall arc modified, tut rather .o the fact t'.at thr
pilot has less comparative time to react to the recovery -manoeuvre so that the btall incidence may be
excesded by a muc Creater margin possibly to a point where recovery is impossible. Compliance with the
regulations depends on the interpretation o: the phrase for the iate of appr-ach being 'a rate approp-:iat^
to the aeroplane'.

*Xircraft without automatic stall protection devices used to ')a required to demorastrate fairly gentl-i
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dynamic stalls up to 0.25 or 0.3 9 incremcints. But with the introdoiction of the stick~ pusher, to ensure
integrity of the device and triggerirg system, much more severe dyvn,.mc stalls were called for, up to
0.62 g increment. The prosition with the stick pusher has niow calmed eown, and the regulations state:

'the actuation of the device (stick pusner) in turning flight and in dynamic stalls withfj
total normal accelerations of up~ to 1.5 g should be such that the aeroplane, with the
system operating normally, complies with all relevant stalling requirements'.

What is not clear in the current U.K. regulations-is whether or not all. aircraft are to be subjected to
the same 0.5 g increment dynamic stall irrespective of whether the aircraft is fitted with automatic
stall prctection.

Dynamic stall tests can lead to excessive anglet, of attack, scmetimes far 1'eyond the stall incidence;
large differences in overshoot behaviour can be obtained from small delay times by the pilot in initiation

of the recovery. An" it is not clear from flight tests wtat is the margin of safety between recovery,
whien sometimes involves large ahanges in altitude, and loss of control. It is therefore being questioned
whether any aircraft. shoUld be alloiiea to get intu sitv'ations where the angle of attack is far teyond the
stall angle and recovery becomes uncertain. This is perti-nent to the larger commerzial. aircraft where
the inherent slower response times increase the time =nd height losses before trim is recovered, possibly
imposing severe struct'wral loads, and which at loir altitude ctnstitutes potential hazards. From both 'in
economic and a humanitarian point of view such demonstrations are too great a risk. The U.S.S.R. has
apparently responded toti rbe for 'heavy aircraft are te~sted only foe stall, and sometime: only to
determine the control and sta -ility characteristics up to high but unstalied angl,! of attack, eitceeding
by several degrees the sigo fatt~ck coriespondine t (the ne of) Ibufieting btless thanth
stalling incidence'.

However it should be noted that it is not always the dynamic stall which lead-, to the higheat over-
shoot conditions; in some cases apparently the slowi approach has led tt, the most revere post stall
gyrations.

If it is argued that the stall- requirements should be relaxed, one po.-ssibility is that. more analytic
studies should be made of post stall gyrations tnfether with simulator investigaions of the po)st stall
behaviour, then the fuill range of reco-.'eryv pi cedurca could be investigated in comparative s~afety.
Continuing developments in 'eigital computation facilities and techniques and in simulator facilities and
experience suggests that such investigations ere viable. :t is realised thrt the major unknown In such
ground nased investigations coi~cerns the aerodynami, :nput, for this is an area uhere wind tunnel insults
are often unreliable because they are obtained at zoo low Reynolds number; also dynamic (croeidynamic)
effects are important which for investigation in a wind tunnel r'tquire specially developed oscillatory
rigs. Serious consideration should be given to the type of wind tunnel tests which would lead to more
reliable aerodynamic informati-on in the 3talj. and post stall conditions.

One might ask uhether there is an anal-.igy with flutter clearance procedures where extensive
mandatory calculations are made in the design stage and then the calc-Ilations are up-dated progressively
as data is confirmed, first from prototype ground resonance tests for the structitrel. and inertial charac-
teristics and then from structural response information in test. flights rrcm which the aeiodynamic inputs
can be checked, tnd if necessary modified. Gradual increat-e of test speeds then depends on successive
clearances for flutter on the best available information.

Perhaps a similar approach coull be applied for rertification In relspect to stall requirements in
which the limit of flight stull demonst.-ation is as-assed from pre-stall behaviour, and buffet onset,
based zn both f~ ight measurement end prediction, the excursions could be investigated theorztically, and
by simulator with a pilo.t in a loop. Such an approach wo~ld require a more positive recognition of the
stall aspect in the design stages and in wind t'tnnel investigations than given in the past.

34. STALL WAIT1,IJIN

Once the stall1 conditior Isas -,-en lgreed upc-n it. iz mandatory that sufficient warn-ng of the
i--i4ncnt. possibility of stal:.bi given. A'ccording to the B.C-A.R.

'.".n all stuzlls civar and disti-.cw,.e Stfill S-n~ng shall tDCier to the' Pilot sufficiently in
advance for-,.he 2tal to be avoiled loy actis afrter the It"U. wann is.OCLUra. Tewan
may be i'urn~shed oy the tzrodv:.=mic quali1ties of>J tne ac.oplare, by a suitable nsrm tor by
any means which výill give un;%i cascuhle wa~rring und.!r a.11 rcrL,&. condition,- of operatiin.
Prior to each of tbt- slow: appiroa~ch stui.~ a Ji~rn-ns shall cc:r o±t a sc hc s~o esta
5% above thL ~~li. ;pceed; ti r Iuc figure m-ay Le ucceptatlý! if t!.e phy.icai. difficulty of
entoring the stall, and/or t~e bhav~cr pt the :,tal! are ."- s4ce to warrcnt it..'

Natuaral kerodynat-ir :,t-til warsine is usually intvr;-2tea av tuffcting -nnsct. Nos; bueffe. is the ALero-
dynamic phcnom,ýnen ý,ssoclated witn flow; separat-on. Usua~lly froan tne win-; buffczing, ir thý ntrietural
response to (aryamr uf~fc.; 1-ilot asrsesaznent of the in:ýeonsity -.f buffeting depends pr;M4_ri1.y on7
the locatio)n e!' the cockpit ;nrelution to tne Ctirtcturil node!" exci'cl bo butf1ez. 1Lis t..vt unknavn
for piltot to be unavtret t..nat VI.MgS : Cre'frti::g 4et- the fact t:ar! tne pili't in loc,ýtcd CA.Cl *, h

nodle ;f the ss,-uct~vra.l :4ý20 :f cxcil'aticz. ýbrc- jort r2.quired on inou a 1;.;lot reacts to. and
interprats, the an':fel. envzrnnxc-t. in addition, pred .1eti<.a of setP )~f 'cv itteet bcfSe* from w~z:d
tuninel tcents, rcaulren gonc- vtork., csrcc~ali when flnps are down; p:ito:so' bu-.fet onrl:t. a. higs.
(subsonic) spet-ds ror !he dv:_Lti'ýn -1 t~hc ~.ai of the C, %') .,rn ý sii5 the eiteznsion o~f tntse

:esto lo4 spee63ds*oce nnt arpcar- to h-ve btr-n- madt.

One aspect. in -,'r&na lyin g -ccncrn:. buffeti~ng a;: a calw:Lrznitn, rzmei:' t!,e pssbil,z that
a pillot mm.c;tes rc.,.ponsc tý atmý:ph.eric turbulence us "4rfeting. for e..%.- all -,ctl* suceOf excitation '
aff-,ct thc pil-t. o~ thv strk,:ct-r;!d m-'..s althou~z. in, the etsce of .-it~nc nr-' is mcre itrri-Vt
respznsc in iltv ovo3.a.U boey =odes. A* corrzcive *st~ie.z top e s-ingerro.,. 1'. .Iny caZa there i-; th-,
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possibility that structural response to atmospheric turbulence could mask the onset of buffeting which
could then lead to an anexpected post stall gyration.

Artificial Ltall warning devices usually consist of 3tick shakers, or knockers, which are triggeredby incidences sensing -anes on the Piselage of the aircraft.

Although stall warning is mandatory on all aircraft it is not clear whit actions pilots take when
the stall warnina goes off. There has been at least one accident when the stall warning went off onStake off, the pilot'n subsequent nose down recove-ry put the aircraft back on the ground. It would be
of interest to know what pilots do in the circumstances, both in test flying and in operational flying.

5. FLIGHT Vi 'AIPUI.-MCE

UJ-s-sts cue tD urbulence operational flying in which loss of control occirs, usually temporarily,
are stii re&Lraed as t continuixg problem. Pilot briefing on this phenomenon has had a beneficial
effect, bir. the understanding is far from complete. In some of those upsets where the aircraft has
"chaxs 1 g, pilots' impressions are found to be unreliabit, in some instances the pilots thought
that ,h, aiicraft was upside down. Such large g variations are qualitatively consistent with responses
from cowputer simulation studies where aircraft have been shown to pass through positive to negative
stall conditions.

tI would appear that more theoretical work should be done to asscss optimum control procedures inSthese situations.

Ib is cot clear ho" the stick pusher device contributes to the dyrnamic behaviour in these turbulent
situations. According to the regulations

'the system should be such that flight in turbulence, up to the most severe that is like-ly to
be ezcountered, is ualik-ly to result in such actuation of the device as will significaultly
increase the difficulty of flying in such conditions';

exactly how thia requirement is interpreted by the constructors is not --!ear.

Returning to the confused pilot, a recommendation has recently been made: I
'it is difficult to avoid the conclusion that occasional re-familiarisation (of airlineScrews) with unusual positions and recoveries therefrom using small jet trainer aircrafc 'A

would be a worthwhile measure in the interests of improved flight safety. Pilots involved
in such unzets have in fact stated that prior military experience with instrument recoveries
from unusual positions has been a factor in regaining control'.

6. CONCLUDING REDMARKS

The main emphasis in this note has been on the interpretation of the handling requirenenta for
commercial aircraft in the stall environment, together with a discussion of some of the factors which are
currently wider consideration.

No mention has been made of the most notorious post stall gyration, namely the spin. Commercial
* aircraft are not allowed to get into a spin situation whereas a military fighter type configuration must

Sbe recoverable from a spin. It is not intended here to discuss recent developments of the spin
manoeuvre. But it is worthwhile noting that for aircraft which are to oe flown into a spi!. and recover,
there is an extensive programme of model testing in spin tunnels to identiif the modes of spin and to
determine the associated recovery procedures; in adrdition nowadays comprehensive model force and moment
measurements are made at large angles and the spin dvynamic m'tions are analysed numerically. Thus there
is considerable background of knowledge before the aircraft is actually flown into a spin.

A similar wind tunnel effort at the design stage for a commercial aircra.^t would be highly beneficial
for it would improve the predictive aspects of !tall behaviour. These %rind tunnel tzsts wnuld necessarily
have to be at sufficiently high Reynolds numbers for the stnil characteristics to resemble full scale
characteristics. Special dynamic rigs would need development for certain wind tunnel investigations.

* The combination of such aerodynanic results with extensive numerical analyras of recovery procedures in
post stall gyrations, together with extensive simulation studies, would establish the stall and post
etall environment with more confidence zo the safety in test flying wculd je improved and c-tification
simplified.
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by
W. Bihrl.

Ormumn Aeropa~ea Corpraiok
Bethpege, N.Y. 1174•, USA

i Y~T14RODUCrION !

After a few readings of Dr. Hancock's paper, X realized that there yes little I could take excep-
tion with and I suspect this applies to most of todays sudien:-e. The very few reservations I do have are
duly noted in ny discussior. but the major pottion of my comments emphasize and excend some of the points
raised by Dr. Hancock. In so doing, I have leaned hemaily on personal observations and experiences and
the ýpinions expressed herein are, therefore, of a personal nature.

For convenience, I have listed my comments under the satae section headings that Dr. Hancock used.
Before boginning, I suggest that the word criteria in the title is nisleading and should be replaeed by
requirements.

IbENTIFICATION OF THE STALL AND MINIMUM SPEED CONDITION

The author defined the stall characteristics which are considered to be ideal and then noted that
they are becomirg increasingly difficult to achieve, This is qu'.ta true, but I think it is also important
to note that they are indeed achievable. To my knowltdge, all of the civil aircraft manufactured in the
U.S. to date have met these ideais and this, of course, also includes T tail aft mounted engine configura-
tLons. This success, especially in recent years, may be largely attributed to the fact that the BAC 111
deep stall accident alerted and motivated every airframe manufacturer to increase his efforts in this area.
For instance, since the BAC 111 incident, aerodynamic data has been rcutinely obtaincd up to aut angle of
attack of 40 or 45 degrees at a Reynolds number of 6.0 x 10 6 !ft, These data have been analyzed and also
used to computi motions at h4h lift coefficiints. In addition, simulators have been employed to conduct
hending quality studies in the stall region. The design btage efforts reco mnnded by Dr. Hancock, there-
fore, can indeed eliminate many of the difficulties that in the past have been discovered during the proto-
type flight program. Further improvcments can be foreseen in this regard as well as the ability to design
more optivum and safer vehicles as our experimental and analytical techni4ues are improved, especiall1 those
related to *tall warning.

I would like to make a few comments relative to the type of simulators used during these stall
studies. For over 18 years I pleaded the cause for a moving-base simulator when performi.ng handling
quality studies that involved precision control tasks such ac landing, formation flying, tracking, t.uflight
refueling, etc., and, as many of you know, I was always prepared to present a list of incorrect conclu-
sions that had been established over the years using fixed-bate facilities. It appears that this list will
again be growing in the near future for the following reasons.

Precision control tasks such as landing or tracking are associated with flight at high lift and
are the tasks assigned to a pilot during a simulator stall study. In the future we presumably will be
determining the effect of buffet onset, buffet intensity and other stall char7acteristics on the oilot's
ability to perform these tasks. At this point, one must recognize, however, that the pilot senses angular
and normal cccelerations with the cristae ampullaris and otoliths, respectively, of the inner ear and it
is the angular acceleration that the pilot employs as an anticipatory cue in performing precision cantrol
tacks. Fixed-base simulators obviously do net supply this basic cue. If one extends the stall ztudy into
the spin/post stall gyration region, the limitations of a fixed-base simulator become even mort serious.
For inptance, due to the inherent dynamic response characteriatics and che threshold of pe'.ception that is
associated with tha vestibular orgar., mislea,;ino cuss are generated when a antion is suddenly .erminated
or its direction reversed. It is this physiological limitation of man that disorients h!n and degrades
his ability to terminate a post-stall g)raticn, spin or upset. It is also the situation in which one
wishes to train the pilot to respond strictly on the bases of Information he receives fi&m his instruments.
I have been sadened to see some irvestiZators, at this point in time, enthusiasti,.ally embritce a fixed-base
sisn-lator to evaluate and study the stall and spin and to advocate its spin training ca.pability. Somehow
one must get the point across that act-eving an illusion of realism, through visual and a=ral cues and
dupliCdtion of cockpit furnishings, is not the criterion for a valid simulation.

I would also caution investigators that the use of a moving-base simulator does uot necessarily
guarantee a valid precision control task evaluation. One mrust first verify that the dynamic response of
the moving Lase matches the simulated vehicle to the extent that both the magnitude of the pitching angular
acceleration and the transient relation hip between argular and normal acceleration are faithfull",'
duplicated.

The author points oI that it has always been Tecognized that the stall is a function of angle of
attack, also rate of change of angle of attack, and not of sper4; and that it uvuld be crcI laoical to
express the safety margin in terms of angle of attack, Whenever this point is raised during a conferenca,
no objections are voiced. Certainly, the author has presented throughout his paper many reasons for msking
this change and I second his motion that civil regulating agencies include in their stall airworth.ness
regulations a reference to angle of attack and rate of change of angle of attack.

£ would also like to take this opportunity to strongly recommend that angle-of-attack information
be made available in the cockpit. The usefulne ss of this information has been demonstrated oan V/STOL
configurations during the transition flight phase, on carrier based aircraft which must op'erate close. to
their maximum potential, and oa prototype test aircraft which demonstrate compliance with the Civil Air-
uorthiness Stall Requirements. Its usefulness to the pilot during turbuloce upsets should be obvious.

For over 70 years we have known that the stall angle of attack is invariant with weight, texpexatura
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and altitude and yet we have convinced pilots that having this fundamental information would in no way
influence their piloting proficiency or effecL their safety. Instead, we have indoctrinated them with
the belief that speed is the fundamental parameter effecting the stall and have then conscientiously r
supplied them with speed information. In spite of all this, the human pilot has been able to perforn at
an acceptable level probably because the airworthiness requirements reflected the absenze of angle-of-
attack information in the cockpit.

Fo3rtunately, automatic devices such as stick pushers and automatic throttle systems could not. be
reasoned with nor mislend, and, therefore, would not fulfill their intended function without having
recowse to angle-of-3ttack information. Consequently, acc'trate and reliable angle-of-attack sensors were
developed and it is now possible to display this information to the pilot. The irony in all this is that
in mar.y instances the pilot may not be using this information for flying the aircraft but rather for
monitoring the performance of some automatic device.

I also have a few ob2ervations relative to Direct Lift Control Systems. The author noted that
direct lift controls (spoilers or flaps) must be placed in a null position during steady state flight and
tLat the stalling speed will be consequently higher with the D.L.C. system operative than that of the
same aircraft with the D.L.C. inoperative. I would like to point out that for the same reason (which is
a loss of lift upon activation of the system) the angle-of-attack and correspondingly the pitch attitude
angle must be increased for a given Ig flight coadition when the D.L. C. system is engaged. Consequently,
the angle-of-attack margin between lg flight and stall is reduced as is the pilot's visibility of the
landirg site in conjunction with the aforementioned increase in the stalling speed. One would suspect
that these inherent D.7 C. characteristics will not be judged as enhancing the handling characteristics.

Some years ago, while conducting a carrier landing study on a moving-base simulptor I made the
followin;, observations relative co activating a D.L.C. system which I believe are appropo to this dis-
cussion.

1. Improvezents in handling qualities were noted for airframes in which the variation of load
factor with angle-df-attack, nzl I was small ii.e., where flight path control could not be achieved
efficiently by adjusting the lnzt through aircraft rotation). The usefulness of the device appeared re-
stricted to airfrn es which have both a low value of nzt and are deficient in precision controllability
which is associated with a high moment of inertia or aft center of gravity location (i.e., an unacceptable
low value for the control anticipation parameter, Wn2/nzg)

2. To realize the poteatial of a D.L.C. system, an effective approach power compensator (i.e.,
an automatic throttle) system must be available since almost all pilots felt that three altitude controls
in the cockpit (i.e., stick, throttle and button) was confusing, and degradated their performance.

3. A. D.L.C. syccem does not "cover up" basic airframe deficiencies since they are always ev;.dent
during initial glide slope capture and gross-error correction maneuvers.

4. Activation of an automatic throttle system resulted in a greater improvement than was realized
with D.L.C. activation and this improveaent was experienced with all types of airframe characteristics.
In other words, a very marked reduction Ln pilot work load was always noted whtm the automatic throttle

More recently, doubts have been noted relative to the neea for and the improvement experienced

with some aircraft that were equipped with a D.L.C. system. Also, a D.L.C. syatem, in common with all
automatic systems, is quite complex. As for example, activation and consequent use of a D.L.C. system
generates pitching moments which must be automatically cnmpensated for.

it would appear, therefore, that some of us are not quite prepared to join Dr. Hancock in renderiag
the verdict that the handling qualities are superior with D.L.C. equipped aircraft.

DYNAMIC STALLS

In reference to dynamic stalls, the author indicated that it is not quite clear whether or not all
aircraft are to be sul-jected to the same B.C.A.R. dynamic stall demonstration irrespective of whether the
aircraft is fitted with automatic stall protection. I would thinK the answer is no but the fact that
Dr. Hancock is not quite clear on this point stirs up the upsetring memory of a member of the British Air
Regintration Board intimating some years ago that this might very well be the case in the future.

I do not wish to belabor the point, but one should recognize 'hat by specifying a severe dynamic
stall demonstration one can in effect legislate the incorporaticn of a stall baerier devace (i.e., stick
pitshcr) on all aircraft - including those which possess all the ideal stall characteriatics we have praised
and struggled to achieve in the past.

!f an aircraft has no primary stall warning, and has no inherent nose-down pitching moment at pri-
mary stall, but instead has a large nose-up moment which trims into i second.ary stall around an angle-of-
attack of 45 degrees (referred to as a deep stall, super stall, etc.) from which there is no escape be-
cause of insuificient control power then obviously I, as a passe.aer. have no quarrel with the need for
installing an automatic stall barrier device. And just as obvioaslv, one munt select a stall demonstra-
tion nen.uver which is not exrected to be encountered in operational flight in order to insure that the
device has been given the control authority and the r-quired response characteristics to fulfill its
function. But even in this situatien one cannot arbitrarily specify an unrealistxcally severe stall
de-monstration since compliance can always be demonstrated by increasing the perfor-:ance of the stall
barrier device; that is, up to the point where it effectiveiy removes the pilot from the control loop.

At any rate, my hope is that the dynam-ic stall to be dem-nstrzted continues to be the one that is
appropriate to the airplane.
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CONCLUDING REIARKS

Dr. Hancock notes in his concluding remarks that for military aircraft which are to be flown into
a spin, there is an e_:tensive program of model testing in spin tunnels to identify the spin modes and to
determine the asociated recovery procedure, also that nowadays comprehensive model force and moment
measurements are made at large angles and the spin dynamic motions are c-.insequently analyzed numerically.
All of this is quite true and I might add that these aerodynamic measurements are made up to an angle-of-
attack of 90 degrees and over P 30 degree sideslip angle range at a relatively high Reynolds number of
6.0 x 10 6 /ft. The author also noted that these efforts consequently form a considerable background of
knowledge before the aircraft is actually flown into a spin. Fine, but I think it is reasonable to ask
how predictive is this background information? The author intimates that the information is useful and,
therefore, one must assure it to be accurate. However, is that really the case?

In this regard, it is interesting to observe that we can predict during the conceptual design
phase that a fighter aircraft will have the inherent ability to enter different spin modes and/or post
stall gyrations and that one of these modes will be prooably characterized as a fast flat spin from which
it will be difficult to recover. Furthermore, knowing the mass distribution of the aircraft, we can pre-
dict which controls and how they must be employed if recovery is to be realized. Understanding the
physics of the spin pehnomenon permits us to make these gross predictions quite confidently before conduct-ing any experimental or analytical studies. The only important and difficult task remaining, therefore,

is to identify the flat spin mode and to predict if recovery can be affected from this spin without
recourse to some major change in the configuration. This then is the function that spinn tunnel tests
serve.

One familiar with spin tunnel efforts, however, realizes that the prediction of the full-scale
spin modes and especially the acceptability of the associated recovery characteristics; requires a con-
siderable amount of agonizing interpretation of the experimental results, hopefully made under devine
guidance and with the application of various criteria which attempt to correlate past spin tunnel pre-
dictions with observed full-scale results. Also, one must recognize that free-spinning facilities have
been sorely taxed for more than twenty years in serving this function because of their limited ability in
simulating the full-scale spin environment, i.e., Reynolds and Mach numbers and the spin entry mechanism.
(The latter limitation having been relieved to some extent through the use of radio-controlled free-flight
drop models.) The serious challenge to the predictive powers of spin tunnel personnel can be traced to
the point in time when highly swept, low aspect ratio, high wing loading configurations which had their
mass heavily concentrated in the fuselage were introduced into the family of aircraft. It is my opinion
that the level of confidence associated with recovery predictions leaves much to be desired.

Now althcugh I'm not all that happy with the predictive powers of existing spin tunnels, let me
hasten to add, thr-t most of our knowledge relative to the spin is directly attributable to the astute
observations and intuitive reasoning of past investigators conducting experimental free-spinning model
programs.

It should also be noted that the continuing reliance on free-spinning model tests is indicative
of a greater lack of confidence in the technique of analytically computing the spin motion. This situa-
tio:. will continue to persist u:ntil the incipient, developed and recover; phases of the spinning motion
recorded in flight with the full-scale airplane are truly matched analytically on a computer. This
"motion m=tching" demonstration would be even more impressive If the spins have been computed before the
flight program. The inability to satisfactorily demonstrate this "motion matching" can be attributed
largely to the use of an incomplete or a poor representation of the stalled aerodynamics that exist in a
spin.

High performance aircraft have a spin mode which are characterized by a small or no spin radius
(i.e., the aircraft rocate rapidly about a vertical axis which passes approximately through the center of
gravity location). The technique presently employed to represent the aerodynamic forces and moments may
very well be a pseudo-technique which must be abandoned when attempting to compute the spins of high per-
formance vehicles. By installing a rotary balance rig (not to b. confused with a rolling or oscillatory
balance set-up) in a high Reynolds number facility one could obtain a set of aerodynamic data while the
model is under the same local flow conditions that exist during the full-scale spin.

,I

A
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OPEN DISCUSSION

S.B. Anderson, NASA Ames, USA

Years ago we did studies of possible correlation of wind tunnel measurement of stalls to deter-
mine how well we could predict stall behavior. This showed that for swept wings if you had a roll
moment coefficient of 0.6 it correlates with an unsatisfactory behavior in real flight. However,
there were two important things to consider, that is (1) sideslip im both directions while testin; in
the tunnel because it is sensitive to sideslip and (2) you must take very small increments in angle
of attack because the stall may occur only over a half degree angle ol attack where you have a large
asymmetry. If you take large increments you may miss the stall roll-off completely.

F.O'Hara, M.O.D. (PE), UK

Could I ask Dr. Hancock or maybe Mr. Davies about the use of angle of attack indication that
Mt. Bihrle was proposing. I know it has some advantages, but I think it has some drawbacks too, par-
ticularly in the jet upset situation. Could I get some reaction to that, please?

W. Bihrle, Grumman, USA

Mainly the thing that bothers me is that when you take a prototype and you demonstrate the
goodness of meeting tta stall requirements, the first thing you do is put an angle of attack indicator
in the cockpit. I think that is a little bit of an advantage to the test pilot. If he needs the
indicator, why doesn't the day in and day out pilot?

D. Davies, ARB, UK

I agree with Frank O'Hara. I don't believe that incidence is half the advantage to airline pilots
that some people think; simply because you are giving him too many parameters to integrate at the same
time. At a given weight, he needs to be aware of vertical and forward airspeed. He should be able to
deduce incidence. We have it on Concorde and rarely use it or look at it, apart from the high incidence
exercise. One reason is that airline pilots are not educated in this fashion. There are a lot of traps.
The main difficulty is that you are giving him one more parameter than he needs and he has difficulty in
integrating it properly.

Dr. J. Roskam, University of Kansas, USA

The education problem, that is definitely tied in with the use of angle of attack indicators, can
be solved. We have well over 180 Lear Jets with angle of attack indicators on both the pilot and co-
pilot side and has been quite useful.

J. Teplitz, FAA, USA

As far as angle of attack is concerned, we haven't mentioned the widespread use of flight directors,
which incorporate this information. A flight director organizes the information for the pilot and
attempts to present the information without presenting too nany parameters.

R.F. Siewert, U.S. Navy, USA

All Navy carrier airplanes have angle of attack indicators, but during the critical landing
phase we present it in a little simpler form to the pilot, that as an indexer. This gives the pilot a
more gross indication. This is the parameter correlated with airspeed that the pilots use.

F. O'Hara, M.O.D. (PE),UK

May I switch the discussion to Mr. Bibrle to ask his views in relation to Dr. Hancock's state-
srment regarding the need for more thorough wiud tunnel before flight, particularly in regard to the need
for dynamic testing.

W. Bihrle, Grumman, USA

This is the biggest area where we are lacking both analytical and experimental techniques. As
Mr. Anderson said what is lacking is the ability to accurately predict stall warning. This is a
very difficult task of defining the stall.

J.H. Wykes, NAR, USA

Considerable success has been had in determining where the buffet occurs, from the nonlinearity,
etc. It is not a hopeless task, it's just something you have to get down to work with.

W. Bihrle, Grumman, USA

It is true that since the BAC Ill that it is a routine that we go to a high Reynolds facility and
test at 6.6 million per foot and up to 450 angle of attack. From this data, one is capable of predicting
full scale characteristics, in terms of the directional, lateral, and longitudinal stability, etc.
With this data it is also possible to design variable geometry devices like leading edge slats which can
improve the stability. The prediction of acceptable buffet for stall warning is a difficult area to
define at this time.



13-1

TURBULENCE MODELS FOR THE ASSESSUENT OF HANDLING QUALIfS DURING TAKE-OFF AND LANDING

by

J.Ge JOINS
Royal Aircraft Establishment

Bedford, England

Properties of atmospheric turbulence at low altitude are reviewed, with particular reference to
those aspects relevant to an aircraft on a landing approach or during take-off. Recent measurements of
power spectra are described and related to a simplified theoretical model Looking beyond the power
spectrmn, an important property of turbulence is its intermittency, related to a tendency for aircraft
response to show large peaks separated by regions of relative inactivity.

Pilots appear to be particularly sensitive to this internittent structure, and their subjective
ooents can be related to measured turbulence characteristics.

It is shown bow a discrete gust model for turbulence may be employed to predict the magnitude of
Aarge response peaks, As an example, the response to gusts of an aircraft constrained to fly at
constant attitude is discussed, with particular reference to the effects of aircraft speed.

e¢

1. TURBULENCE AND HA&ICIPG QUALITI

Satisfactozr handling and ride qualities of an aircraft depend upon good characteristics in both
smooth and rough air. In some cases these can be conflicting requirements in that if aircraft stability,
damping and control power are chosen to provide optimum manoeuvrability in still air, there may result
an unsatisfactory degree of response to distuibances in rough air. We should thus aim to obtain an
aircraft which has both good response to controls and minimum response to external disturbances. Recent
trends in aircraft design have produced aircraft types for which the gust response is an important
feature. In the case of the slender wing transport aircraft, response to gusts is increased both by
high g•st sensitivity associated with large ratio L/IA and is further amplified by relatively low roll
damping. In this case, and indeed for swept wing aircraft in general, control power requirements have
been increasingly dictated by turbulence rather than manoeuvring. Another example is the STOL aircraft
for which the reduced airspeed tends to make gust response a critical factor, particularly if the STOL
capability is achieved by reduction in wing loading.

It is clear that.an important ingredient of the assessment of handling qualities is the evaluation
of the behaviour of the aircraft in rough air. For this purpose analytical methods and ground based
simulation are required for predicting aircraft response to turbulence. The object of this paper is to
outline some techniques which are now available, or are in the process of development, in this context.
We have not attempted to give an unbiased overall picture - the emphasis is rather on techniques which
have been only recently developed and with which the author has been directly concerned over the past
few years.

The effect of tuzbulence upon an dircraft may be considered in terms of the 'systems' representation
illustrated in Fig. 1. This shows thr.,e basic conponentst the gust input, the aircraft dynamics, and the
aircraft response. In the most general interpretation of Eig. 1, the gust input v(t) represents a
vector field, including longitudinal, ..ateral and vertical components correlated with one another and
varying over the surface of the aircraft, and the response y(t) represents a complete definition of the
aircraft state. In the present paper however, we shall be mainly cen-ofned with a much simpler
interpretation of Fig. . In which v(t) represents a single turoulence componeat, whose variation over the
span of the aircraft is neglected, and y(t) represents a single aircraft response variable. Mhilst the
limitations of this simplified representation should be remembered, it pruves to be adequate for many
purposes.

The definition of the gust input, in analytical terms, is the primary objective of this paper. To
put it into perspective, however, it should be considered in conjunction with the aircraft dynamics,
dcfined analytically by the equations of notion, and the resulting aircraft response. For the remainder
of this section we will discuss features of the aircraft response, and will subsequently return to the
specification of the gust input by means of turbulence models.

The response of an aeroplane to a given level of turbulence differs frgm one aircraft to ano.her due
to such factors as wing loading, lift slope and speed. A pilot flying an aeroplane with a high wing
loading and low lift-ourve slope may be relatively unaware of turbulence which could be causing
considerable trouble to a colleague flying a light aeroplane nearby. In a given aircraft, a pilot is
ware of turbulence In three main was which are, in rough order of Importancez vertical bmps,
di•turbances in rll, and instrument fluctuation•s - principally airspeed and rate of cl•b. At
conventional landing approach speeds vertical bmips, ioe. fluctuations in mawal acceleration, are due
Primarily to vertical turbulence acting to change angle of attack and therefore "it. At low flying
speeds, horizontal gustS also make an important contribution to fluctuations in numal accelaretSon.
These disturbances cause pilot discomfort and thus have an indirect effect on the oontrol task.

After vertical bumpiness, the next most important effect is in roll, where the lateral component of
turbulence produces deviations in bank angle. These roll disturbances ar most important during the
landing approach, when the pilot Is trying to fly a defined heading. The rolling affect of turbulence
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tests the aircraft's controllability and may well constitute a design cane for roll control effectiveness. I C
In the case of small aircraft, pitching response to turbulence can be a significant nuisance to a pilot
attempting to follow a prescribed flight path, although this effect becomes much less important for
large transport aircraft.

In general, a pilot is more worried by singl,, peaks in response (nonral acceleration, bank angle,
etc.) than by continuous 'wobble$ because, for a large disturbance, he has to take action to correct a
divergence which might appear not to be correcting itself. In contrast to a linear automatic control
system, which reacts always to an extent proportional to the magnitude of the disturbance, a human
pilot tends to have a 'threshold', and only fluctuations in wesponse which exceed this level lead to
control action. Thus whilst the root mean square level of response may be an adequate measure of the
input to an automatic control system, it is mainly the distribution of relatively large response peaks
which influences the pilot. This concern of the pilot with large disturbances is important in relation
to later statements (section 2.3) concerning the large and intemittent disturbances in atmospheric
turbulence which stand out from the general 'noise' background.

A pilot's perception of, and concern with, turbulence varies with its severity. The primary cues
to worsening turbulence are the variation in buirpinesa and increase in lateral control rotivity. As
turbulence becomes more severe, instrmient fluctuations also become more pronounced. This is particularly
true of airspeed fluctuations which become of more significance during landing approaches in heavy
turbulence such as might be associated with a wind speed of 25-30 kt. Throttle adjustments become more
frequent and it is common practice to add 5-10kt to the target approach speed to cope both with the
increased intensity of ra dom fluctuations and with the increased wind gradient.

Pilots' impressions of turbulence as altitude changes during an approach can be related to the gust
models we shall describe. One pilot has commented that, in a 15-20 kt wind, he would not expect to
find much turbulence at 1000 ft but as the aircraft descended he wouli- fi:St feel longer wavelength
gusts and then, as the aircraft approached the ground, the higher frequwncies would be accentuated,
giving a generally 'choppier' response. At 500-600 ft there would be a wide distribution of gust wave-
lengths but nearer the ground the distribution of significant wavelengths vould narrow, as ths influence
of long wavelength gusts decreases. A second pilot said that, for the height band below 1000 ft,
bumpiness gets worse down to some height, then gets better. These comments can be correlated with the
observed variation, with altitude, of the scale length of the power spectrum of vertical turbulence(section 2.2).

In the above remarks on aircraft response we have drawn heavily on Refs. 1 and 2, -.here the
representation of low altitude turbulence in piloted ground-based simulators is discussed. This work is
particularly relevant here in two senses. In the first place, an understanding of the significant
properties of atmospheric turbulence is important for the creation, in simulators, of a representative
enviroment and work load for the assessment of handling qualities. Secondly, the subjective impressions
of pilots, by contrasting real flight with simulated flight using 'synthetic' turbulence, have provided
useful cues as to the limitations of conventional turbulence models and assisted our understanding of
g•ut structure. Frequent criticisms made in the Acre Flight simulator at the Royal Aircraft Establisbmint,
2edford, bave been that the simulated, or synthetic, turbulence led to aircraft response that was too
regular, that there were not enough 'big gusts'. The simulated turbulence tends to be too predictable,
the number of large isolated gusts experienced in the simulator being low in comparison with flight.
This criticism was voiced particularly strongly during simulation of a large slender-wing aeroplane.
Pilots were mainly aware of this deficiency for side gusts ard the associated bank-3agle disturbances.
These criticisms can be explained in terms of differences between the statistical properties of
simriated and real turbulence (section 2.3). it appears that a conventional filtered Gaussian noise
signal, which is coon to standard noise generators and traditional turbulence models, is adequate in a
simulation if the purpose is merely to force the pilot to exercise positive control over his aeroplane,
but that simulations with the objective of assessing such factors as workload, or control-power require-
ments, require an input which reproduces the intermittent, large, and potentially mare critical
disturbances which occur in the real atmosphere. These characteristics of turbulence are of importance
for a realistic assessment of the handling and ride qualities of an aircraft in rough air and are taken
into account in the turbulence models that we shall now go on to describe.

2. POWER b-PEM AND 11MITEINTT2CY

2.1 TUIULENCE IN TE EPARTI S BOUNDARY LAYER

Turbulence in the earth's boundary layer is derived from two principal sources, a mechanical source
and a thermal sourc. The mechanical source is a combination of shear and surface roughness. The themal
source is the vertical motion of wa- -r.

In strong winds the stability is approximately neutral, the mechanical source dominates, and the air
flow bears some similarity to the flow of a turbulent boundary layer around an aerodynamic surface. This
is the most cuon source of large gusts. There is no clear upper height limit, but usually the
turbulence below 1000 m is regarded as low altitude turbulence. For aircraft applications the main
interest is up to some 300 m above the terrain with the bottom 30 m being of crucial importance for
aircraft landing. Close to the ground the turbulence includes the eddies behind obstacles such as
buildings, trees etc., (which define Ssurface roughness'). Recent interest in the operation of STOL
aircraft into urban sites has provoked investigation of this type of turbulence, although only preliminary
results are at present available3 . Higher up the wind shear is the main turbulence source, although I
downwind of an urban area the influence of terrain roughness might be expected to influence much of a
landing approach.

Large and rapid fluctuations of wind are not, hoeaver, confined to situations where the mean wind
preceding them is strong. Large gusts which occur when the wind had previously been relativel7 ight
=r6 associated with themal convection In and above the earth's boundary layer and the larger of them
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(which have resulted in a number of accidents) are associated with un 5 and are usually
referred to as squalls. The average number of squalls per year at RAE Bedford, over the last five years,
has been forty, and on one of these occasions an aircraft touched down with a large sideways velocity.
Had the runway not been wet, allowing the aircraft to slide sideways, the result could have been serious.
Standard meteorological records have a timescale such that the rapidity of wind fluctuations in squalls
cannot be resolved to the accuracy needed to predict the effects they would have on aircraft. In an

attempt to obtain further information, continuous records of windspeed at heights of 33 ft, 50 ft and
100 ft have been obtained on an expanded timescale using an instrumented tower at RAE Bedford. An
example of such a squall is illustrated in Pig. 2. Although the recording speed is about twelve times U
that of the standard Meteorological Office instrument, it is still inadequate to resolve the more rapid
fluctuations. A further recording system, involving an additional speeding up by a factor of 30 has
therefore been introduced.

Taking together the cases of gusts associated wi-h steady winds under approximately neutralS
conditions and gusts, or squalls, associated with convective conditions, we find turbulence records
which have a predominantly irregular or random pattern together with cases where isolated Idisoreta
gusts' stand out in a clearly identifiable manner. Due to the randomness of turbulence it is necessary
to introduce statistical analysis into its analytical definition. The ambivalent nature of turbulenoe
has led in the past to widely differing ways of attempting to describe it: on the one hand its tendency
to fluctuate in a chaotic random manner has suggested that the mathematical theory of continuous random
processes be taken as a basis, on the other an impression that the larger, and for aircraft applications
more significant, fluctuations could somehow be singled out as individual 'events' has led to various
forms of discrete gust model.

The question of how to best describe atmospheric turbulence for aircraft applications has bee, the
subject of a great deal of work in recent years, and In the present paper we contrast two proposed solutions:
a Gaussian process model and a recently developed discrete gust model.

Two concepts that we shall emphasise in our descriptions of atmospheric turbulence are the powe;
spectrum and intermittency. The ;ower spectral density function is by now a well-understood concept- and
has been used for some time as a basts for turbulence models. It describes the distribution of mean
square gust velocity among the wavelengths of turbulence, for samples consisting of a sufficient number
(of order ten to twenty) of the longest wavelengths of interest. Measured ssectral densities of atmospheric
turbulence show a high degree of consistency and agreement with theory, and provide our principal single
source of co-ordinated information. Exmples of measured spectra will be illustrated in the following
section (Figs. 3,5). Two features conmoa to all the measured spectra should be noticed. First, at
higher frequencies (shorter wavelengths) the turbulence intensity decreases rapidly, approximately as
frequency, or wavenumber, to power (-5/3). Second, at lower frequencies (longer wavelengths) the slope
of the spectrum tends to decrease. Although the general shape is similar for many spectra, the form at
the longer :uavelength end tends to vary between the different velocity compon:.nts of turbulence and to
depend to a larger extent unon meteorological conditions. The wavelength marking the demarcation between A

the (-5/3) region and the longer wavelengths is related to the so-called turbulence scale, usually denoted
by L. The turbulence scale is a very important parameter not only for the studies of turbulence itself
but also in the study of aircraft response.

ViWhilst the power spectrum provides a great deal of useful information concerning the turbulence, it
is not by itself sufficient to predic the magnitudes of the disturbances that turbulence produces in
aircraft response, for example as measured by the magnitudes of response peaks. The point is that the
spectrum only describes the 'average' energy, in any particular range of wavelengths over a rcl.tlvely
long sample. It does not specify the way in which this energy is distributed in space. Consequently.
two random processes whose time histories differ considerably, one consisting of continuous radomo
fluctuations and the other of intermittent 'bursts' of activity, may have identical spectra. They would,
however, tend to produce very different effects on ai.rcrait. In recent worki-lu on the structure of
atmospheric turbulence and its relation to aircraft response we have thus emphasised the importance of
going beyond the power spectrum description, ane of investigating the spatial distribution of turbulence
energy in r.ore detail. It has been found that, if measured turbulence is passed through a bandpass
filter, with centre frequency on the (-5/3) part of the spectrum and bandwidth of about one octave
between half amplitude points, significsntly larger peaks occur, standing out from the average level of
fluctuation, than in the filtered output of a standard Gaussian noise generator. This behaviour may be
described as 'high intermittency', consisting of large fluctuations separated by regions of relative
inactivity. This result applies both to the continuous turbulence fluctuations which cccur under szrong
wind conditions, and, to an even greater extent, to the wind fluctuations in convective (squall)
conditions. In the following sections we shall show how this intermittent structure of atmospheric
turbulence can be quantified for applications to aircraft response, by means of a discrete gust model
which is compatible with the measured power spectra.

L'easurements of low altitude turbulence fluctuations can be made either by instrumented aircraft or
by anemometers and wind vanes mounted on towers. ýbr economic reasons most measureucnts have been
made using tower based instruments, the fluctuations in tine at a fixed point in spnce being converted to
equivalent spatial fluctuations on the assumption that thc turbulence is tfrozen' into the wind and
convected past the measuring point at the mean wind speed (Taylor's -hypothesis). Spatial frequency (or
wavenumber) k, in cycles per metre, and frequency f in Ha are then related by

f=Vk

where V is the relative velocity, in metres per sec, of the mean wind and the measuring p.oint. hilst
carze has to be exercised using this technique, and cross chmck• using spatial measure=ents made wherever
possible, the results obtained in this way appear generally to be adequate as a first approximation, and
are the basis of the measured turbulence properties that me shall describe. An exception to the
applicability of Taylor's hypothesis arises in the case of turbulence in the wakes of buildings, as
significant time variations in wind velocity at a point can then arise due to lateral relative movement of
woke and measuring point, particularly at the lower frequencies. Estimates of spatial x-adients can then



only be made by spatial traverses, adding gatly to the complexity of measurement techniques.

2.2 POWER SPECTRA
As we have described in more detail elsewhere10, both the concepts of power spectrum and intermttency

can be interpreted in terms of the response to turbulence of a set of band pass filters.

Consider a tuxbulencn sample v(t) of length T, from which the mean has been removed, expressed as.a
function of time t. MakiDg use of Taylor's hypothesis, t can be related to distance s through theequation a - Vt, where V is the relative velocity of the recording point (aircraft or anemometer) andthe mean wind. We suppose the sample v(t) to be passed through a set of band pass Ailters. These areillustrated (Fig. 7) as idealised filters with sharp cut-off', completely passing signals with frequencywithin the passband and completely rejecting signals with frequency outside it. In practice, of course,we are concerned with filters whose modulus decays smcothly to zero outside the passband (convenientlydefined by the modulus half amplitude points). The ith filter (F1ig 7) has oentre frequency fi,
bandwidth Afi, and output vi(t). This filter will be denoted by (fi, AfL).

The power spectrum of v(t) describes the distribution of AVERAGE ENERGY of the sample, with respectto the pass banda considered, as measured by the ME•{ SQUARE filter outputs.
The theory leading to the definition of the power spectrum S,(f) involves simultaneously letting

the bandwidths Afi -- 0 and the sample length T -> 0O. Then the mean square value of v(t) -.an
be written in the form

and S (f) df corresponds in the limit to the mean square output of a filter of infinitesimal bandwidth df

localYsed at frequency f. For the analysis of practical samples of length T, finite filter bandwidthhas to be retained, and instead of a continuous function Sv(E) we obtain a SPECTRAL EWTWATE defined at
a finite set of filter centre frequencies. Equivalent definitions of the power spectrum may be given bytaking Fourier Transforms, either of the auto-correlation function of v(t) or of v(t) directly (PastFourier Transform). The measured spectra illustrated in this paper were in fact obtained via the auto-correlation function. We have outlined the approach in terms of filters as this method leads naturallyto the quantification of the concept of intermittency (soction 2.3).

typical power spectrum of a measured longitudinal, or along-wind, component of turbulence in asteady wind is illustrated in Fig. 3. Expressed in terms of waveznmber (spatial frequency) k in cyclesper m, such spectra may be convenientlypub-divided into two separate regions; at the high wavenumber
end the spectrum is proportional to k-/ 3 , whereas at the low wavensmber end, down to the lowost wave-number of interest in aeronautical applicat!ons, it takes the approxtiate form k-1. The break pointbetween these two asymptotic slopes defines the 'scale length' of the turbulence. In physical terms,the kI1 spectrum corresponds to a turbulence lenergy production' rana of wavelengths containing the'big eddies' of the turbulent atmspheric boundary layer, and the IL;- spectrum is predominantly arange of energy transfer, consisting of eddies of -ll sizes between the energy production range and thesmall scale at which energy is dissipated by viscosity. Viscosity only begins to affect the apttr= atshort wavelengths in the range I to 10 cm, which is not of practical aeronautical Importance.

As an illuntration of the practical significance of the above mentioned ranges of wavelengths,fluctuations in normal accelerat n of a conventional aircraft in a landing approach are usually
predominantly ex.ited by the k- 5•3 region, in contrast to quantities such as rate of descent and airspeedfluctuations which are more likely to be excited by the k- region. In the cane of STOL aircraft,however, flying at low airspeeds, the sigaifi-nt gusts tend to be much shorter (section 4), and these
latter quantities also tend to lie in the k-5

' region.

Many workers in the past have fitted measured spectra to model spectra typified by the Von Karan
spectrum, given by

~(L=oL {2+311S5(LLJ
ti + 70.-I (Lkrj""'

where " is the mean square intensity and L is a scaelength. FOr large values of k, we have

whereas for small k

A plot of equation (2) in log-log form is shown in Pig. 8.

The measured data (Fig. 3 ) fit the large wavenumber region of the von Karaw. spectrum modal(equation (2)) very well, but there usually tetls to be mnrj energy at low we•veabars then tts xadelpredicte 1 1 . Consequently we will model the measured spectra of the longitudinal ecaponMMt p. , by means
of the two asymptotes
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as illustrated in Figs. 3,4. This model spectrum (Fig. 8) has the advantage that it provides a better
;it to the measured data and there is less ambiguity in the estimation of scale length L thaa ith the
von Karman spectrum.

More fundamentally, the scale length defined using equation (3 ) is a good measure of the largest

'orgaaised eddies' in the turbulence as we shall discuss in the following section. Putsimply, ther
is a detectable decrease in the interaittency of the turbulence as we pass from the k-5/ 3 to the k-1

range, and the scale length defined by equation (3) thus has the advantage of corresponding to a change
in the physioal characteristics of turbulence.

For practical reasons, other forms of power spectrum model have been much used in the past. For
example, by passing a white noise signal through a ssmple filter, spectra (the Dryden spectra) of
roughly the same shape as the von Karman spectrum, but taking the form k-2 at short wavelengths, may
be obtained. This type of model is therefore attractive for simulator applications1 ,2,12, as 'synthetic' A

turbulence of this form is easy to generate electronically. However, a signal obtained in this way
generally has the properties of a Gaussian random process and, as wd shall describe (section 2.3) has
important deficiencies for simulation purposes.

In the case of the vertical component of turbulence, the measured spectra indicate comparatively
less energy at low frequencies (long wavelengths). A good description of the measured spectra may be
obtained using an fasymptotel model with three ranges: a k-5/ 3 range at short wavelengths, a k-1 range
at intermediate wavelengths and a range of constant spectral density at long wavelengths (Pig. 5). The
first two ranges follow the same Ceneral pattern as for the longitudinal component, but now the measured
k-1 range is more limited in extent. For many engineering purposes, as in the case of the longitudinal
component, an adequate fit to the measured spectra may be obtained by appropriate choice of parameters in
either the von Karman or Dryden spectrum forms.

The lateral (across wind) turbulence component has not been analysed so extensively as the other two.
Existing data suggest that its power spectral properties are intermed e between the longitudinal and
vertical cases. At short wavelengths the spectrum takes the usual k/ form. At the longer wavelengths
there is more energy than in the vertical component, but not such an extensive energy production (k-')
range as in the longitudinal component. Moreover, there is evidence that at these longer wavelengths the
spectrum of the lateral turbulence component is particularly sensitive to meteorological conditions, varying
from day to day. A further complication is that fluctuations in the lateral component measured at a fixed
point in space by an anemometer may differ significantly from the corresponding fluctuations observed by
an aircraft flying along the mean wind direction, owing to local effects of terrain on wind direction at
the longer wavelengths. No direct comparisons of tower and aircraft data are available for this case.

IMeasured turbulence power spectra (e.g. Figs. 3,5) indicate a trend with altitude in which the
scale length and long wavelength energy decrease as height il reduced (Pig. 4). Under certain conditions
(particularly neutral tending to stable conditions) there is also an associated tendency in both longitudinal
and vertical components for the short wavelength energy *o increase as altitude is reduced (Figs. 4,6).
Thus an aircraft descending through the earth's boundary layer, on a landing avproach for instance, may
experience a trend in which the disturbances at low frequencies, including airspeed and rate-of-descent
fluctuations, decrease and those at higher frequencies, such as normal acceleration and rate of pitch,
increase. In the latter case, there may be a subseeuent decrease near tc the ground as the change of
scale lIn th with altitude causes the turbulence wavelengths influencing the mode in question to pass from
the k- 5 / 3 to the kC range. These inferences are compatible with the subjective pilot experience described
in section 1.

The variation of scale length with altitude is illustrated in Pig. 9, the results for each component
representing the mean of a series of about 16 one-hour meascrements, under steady wind conditions. These
RAE Bedford measurements have been compared 11 with data from other sources and, when put into directly
comparable form,the agreement is good. 7he scale length L for the horizontal component was calculated by
taking the break in the 'asymptote' model spect--um to occur at a wavelength of 2L as in Pig. 3. In the
case of the vertical turbulence coaponent, two scale lengths L, % are defined, L cor-responding to the

break between the IC5/3 and k-1 spectrum ranges, and L to the break between the k-1 and constant spectral
density ranges (Fig. 5).

2.3 INTIaI7rm

Examination of filtered records of measumed turbulence, using bandpass filters (of roughly octave
width) with passband centre lying in the k-5/3 spectrum region,shows that the spatial distribution of
energy within such a passband is intermittent, in the sense that it contains localised concentrations of
energy of considerably greater intensity than would occur in a sample taken from a Gaussian process with
the same power spectrum. As discussed in Ref. 10, there is a reciprocal relationship between the
bandwidth Afi of a filter and its decay time in response to a transient disturbance. -rbr an octave

width bandpass filter, with bandwidth Afi satisfying hfi/fl ;" 1, the decay time is suffiliently short

for any large peak ir filter response vY(t) (Pig. 7) at t - t' to be associated with a limited region of

the input v(t) in the neighbourhood of t - t', covering an interval of approximately I/(2fQ. Such an

interval is a region of relatively high energy concentration in the SeuSe that its contribution to the

energy in the bandwidth A fi is abnormally high. ;or filters lying in the k-5/3 spectrun region the

probability distribution of peak amplitudes in the (octave jidth) filter response can be well represented
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by an exponential distribution, showing that the energy concentrations are signficiantly greater than
would be expected in a Gaussian process. This is illustrated in Pig. 10 where the probability densities
of peaks in the output of such a bandpass filter, applied both to a measured sample of the longitudinal
component of turbulence and to the corresponding signal from a matched Gaussian noise generator, are
compared. In terms of the root mean a uare value cr of the filter output, it can be seen that a
significantly greater number of large r>2.5r-) and small (k - ) peaks occur in the real turbulence,
with a corresponding smaller number of peaks in the range between 

A and 2.5r

Although intermittency has been illustrated for the case of octave bandwidth filters, it persists
as bandwidth is reduced and appears as a property of the response to turbulence of many aircraft modes of
interest. An important application of this property is to ground-based simulators ' . There is a signifi-
cant difference between the distribution of peaks in aircraft response to real turbulence and the distribu-
tion of peaks in simulator z:esponse using a conventional Gaussian noise generator, even though in the
latter case the power spectrum is shaped correctly. Pilots appear to be particularly sensitive to the
large, intermittent, response peaks and the increased number of peaks above the 2.5r-level (Fig.10),
associated with real turbulence, may be correlated with their subjective criticisms of the 'predictability'
of the disturbances produced by the standard noise generator. As a result of the good correlation
between measurements and subjective pilot comments, work is in progress 1 ' 2 at RAE Bedford on an improved
gust generator for simulator applications, incorporating non-linear transformation of a Gaussian process,
to reproduce the desired statistical features.

The measurement illustrated in Fig. 10 refers to wavelengths within the k"5/3 spectrum range. At
longer wavelengths the distinction between real turbulence and a Gaussian process with a matched spectrum
becomes less marked. Recent measurements suggest that at the longer wavelengths, in particular the k-1

energy production range (Figs. 3 and 5), the intermittency becomes less significant and the current method
of turbulence simulation using Gaussian noise is probably adequate.

3. TUBULENCE MODELS FOR PREDICTING LARGE RESPONSE EXCURSIONS

3.1 G31ERAL REMARKS

It has been emphasised in section I that a pilot is mainly aensitive to the intensity of
relatively large response peaks, rather than to the average level of fluctuatitg response as measured by
the mean square intensity. Thus in order to be able to predict handling and ride qualities associated
with turbulence, it is necessary to evaluate the probability of occurrenos of relatively large response
excursions. In this section we contrast two technique- that are at prep'ent available for this purpose:
the Gaussian process model and a relatively now discrete gust model.

The problem may be formulated in terms of the 'systems' represertation of aircraft response y to a
turbulence input, Fig. 1. The transfer function, or frequency response function T (f), relating input v(t)

to response y(t), is determined by the aircraft dynamics. The question we now ask is: how can the average
rate of occurrence of large excursions of y be expressed in terms of measurable properties of turbulence
and the aircraft frequency response. This rate of occurrence (per mile, or per hour, etc.) may be
expressed either in terms of the 'rate of crossing' or any arbitrary level or, equivalently, in terms of
the rate of occurrence of peaks above such levels.

To determine the 'crossing rate' theoretically it is necessary to know the Joint probability density
where 9 = for the response quantity y being studied. If the number of crossings with

positive slope (ie. when the signal crosses the level y from below to above) is NH, then

a result due to S.0. Rice. Thus if f(y,) is known, Ny can be evaluated. The principal difficulty is

that in practice the form of the joint density P(y,i) is NOT ]sown. It is in general not a joint normal
distribution, and it depends on the higher order joint probability distributions of turbulence velocity
v(t) in a complicated way, depennent on the system frequency response function T (f). Thus this general

y
method of approach to the problem has not proved particularly useful in practice, and no generally
applicable results, based on measurements of atmospheric turbulence, concening p(y,j) are available.

In order to obtain practical results it is thus necessary to Introduce a TURBULENCE MODEL at this
stage, which simplifies the solution of the problem and yet retains sufficient of the characteristics of
real atmospheric turbulence to provide realistic answers. We now briefly outline and contrast two
models of turbulence structure that 4:!e currently available for this purpose: the 'Gaussian process
model' and a relatively new discrete gust model.

3.2 GAUSSIAN R0OCESS MODEL
The Gaussian proc•'se modelSrr0 (often loosely referred to s a 'power spe.-tru. model.l)makes /s.e of

the following relationitdip between turbulence input speotrun Sv(f), output or response spectirm S y(f),

and modulus of system frequency response functionT (t):

From G (f) the mean square value 2of th response y(t) can be calculated by integrating over all
frequecios. A knowledge of 0, may be adequate for nome purposes, for example the design of linear
control systems, but in the present context we are interested in the rates of exceedance of relatively

large levels of response. To this end the Gaussian process model is based on the following assumptions:
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1. Atmospheric turbulence can be split into reasonably small patches, each with a constant value of

root mean square turbulence velocity.

2. Turbulence in each patch can be regarded as a stationary Gaussian process.

3. The power spectrun for each patch is assumed known.

4. Tbe patches are long enough for the aircraft response to be in a state of 'statistical equilibrium'.

rom the sbove hypotheses it follows that the response y(t) in each patch is also a stationary Gaubsianproces., a i N 7. equation (h)r to be calculated6 ,.o simply on the b isis of the power spectrum S ().

Me weakness of the Gaussian process model is that measured peaks in the response o$ aircraft to
patches of turbulence often closely follow an exponential distribution, containing more large peaks than
in the response to a Gimasian process. This weakness derives from a failure to take account of the
existence, in atmospheric turbulence, of the relatively intense concentrations of energy that have
already been described in section 2.3. 7hese remarks are particularly applicable in the case where the
response mode is fairly well damped (damping ratio > 0.1, which is usually satisfied by the modesrelevant to b•icraft handling) and where the response in predominantly at wavelenpths 3ess than the

turbulence scale length.

3.3 DISCRETE GUST MODEL

The discrete gust model, in the form to be described, models the intense energy concentrations in
atmospheric turbulence by means of a family of discrete raLp gusts (pig. 11) covering a wide range of
grad.ient distances and intensities. As described in section 2.3, locaiirsed regions of high turbulence
enerey concentration may be identified by means of the large peaks they produce in octave-width bandpass
filters. Such an energy concentration takes the Lo=a of a large change in turbulence velocity over a
distance related to the frequency of the filter and can be represented by a discrete ramp gust of
appropriate gradient distance and intensity proportional to the magnitude of the pea. in f~lter output.
The rmp gust may be made up of straight line segments (Fig. Ila) or may contain half a cycle of a sinewave (Fig. 11b).

Starting from the concept of a self-similar random process it has been shown 8 '9 that a suitable
family of discrete gusts, appropriate in the range of wavelengths where the spectrum takes the fe2n
k-5/3 is as follows,

%,dH Is the number of discrete ramp gusts per mile (say), in the length range (H,H+dH) and having

intensity greater than w (Fig. 11), where

The parameters k, and k3 which through equation ((D ) define the isorete gust model of a patch of

turbulence, may be determined from the measured peaks in the outputs vi(t) of a set of bandpass filters
(g. 7) as described in Ref. 10.

We now ccnsider the evaluation of aircraft response on the basis of this discrete Gust model. As
for the Gaussian ;ocess model we consider the response y(t) of an aircraft mode with frequency response
function T y(f) to a turbulence velocity conponent v(t) (Pig. 1).

Although the family of discrete gists, equation (1& ), coasi~ s of guts of a wide range of lengths,
it is a feature of the discrete gust theory8 ' that for any particular aircraft mode the atmosphereI
appea•s effectively es a sequence of gusts with lengt••s in a limited range - centred on the ftuned guzt
length' of the mode. 1he number of gusts per unit distance which produce significantly large peak
valueS in the response depends both upon the statistical model of dincrete gusts in the neighbouzbood of
this tuned gust length, and upon the 'gust length sensitivity' of the node - a measure of the range of
gust lergths contributing to the large response peaks. A peak response function jr(H) is defined (Fig. 12)
to be the manitude of the peak response to a single discrete ramp gust of length H and intensity v . "- H/3.
Denoting •y sy the ave--age nmber, per unit distance, of response peaks ;reater than magnitude y, it is

shown in Ref. 9 that X~n is a universal function of y/ ,here R iL the TUE GUSTIMLH t which
S(H) attains its maxi um, and X is the CGMT LENGTH • SI• t VITYwhich is a measure of the breadth of

the peak in Y(R). may be evaluated using the equation

S[ = .,J /

Integratingas followsguts Of all lenths In the discrete gust family defined by equation (4), m. nay then be

_k3lf(l'V) Xii-.(H
Equation (8 ) and the associated equation ((o ) are equally applicable to an entire aircraft life

history or to an approximately stationary patch of turbulence, although the appropriate values f k1 and
differ in these two sitlations. 3
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ihe basic asaumptions, and conditions for applicability, o0 the discrete gust and Goussian process
models have been reviewed in Ref. 10. It was concluded that these models are ideally applicaUle under
differing limiting conditions. In particular, the discrete gust model is well suited to the treatteut of
most of the rigid body modes relevast to the asneessent of aircraft control and handling qualities. The I
Gaussian process model is zoze appropriate for the zreatmont of modes whose primary respons- is at
wavelengths longer than that defined by the turbulence scale length, and for calculating the response of
very lightly dpmped modes.

4. E•AWMLE OF £PPLICATICH OF DXSCR•, GUST UODEL

As an illustration of how the discrete gust model for turbulence gmy be suployed to predict the
magnitude of relatively large response peaks in aircraft response, we new consider the case of an aircraft
constrained to fly at constant attitude, with particular reference to the effects of air-caft speed. Our
basic interest is in the changes in gust sensitivity of aircraft as landl.g approach speeds are reduced
to the values typical for projecte! STOL types.

We have considered two response partseters to cover what are believed to be the most relevart
features of interest. Normal. acceleratioa response has been calculated to represent ri-de qua3i'v - a
measure of discomfort relevant to both the pilo+ and the passerngers, but as a mere meaming.ul criterion
for control work load, fluctuations in airspeed have been evaluated.

A major assumption whic, has to be made befora any resnonse method Gan be applied is the choice of
aircraft response mode. If one takes simply the aircraft transfer function with controls fixed, the
results will not be representative of what vctually happens to a controlled aircraft ir turbulence. A
great deal of work has been done in recent years on 'pilot transfer 1unctions,, where the pilot is
represented by an average linear transfer function, similar to that which wotild represent a simple
autostabiliser, possibly together with an additive noise saurco, or *remnant'. Whilst this approach hba
led to useful results in control problems where a tracking task is clearly defined, its application to
the case of a pilot controlling an -Arcraft would require careful validation in each particular
situation, and it is not a simple technique to apply in practice. A more satisfactory process for
present purposes ie to assume an aircraft mode in which part of the response in suppresred by a sitable
piloting constraint, as discussed in Ref. 16. We have here chosen a rather radical Zor of such

Sconstraint, ramely the assmption that pitch attitude is held constant. Pitch attitude constraint is
of course one bcsic aim of longitudinal control and hence is entirely plausible provided the .hort
period dynamics of the aircraft are well enough behaved to allo, this ideal tc be approache•d•,
Deficiencies in this a.-ea would demand correctiov:, if necessary by artificial aids, and it is therefore
not unreasonable to assume that this mode presents no inherent problems.

It car, now be argua-d that an aircraft wil] be satisfactory if maintenance of pitch attitude - which
reguires a certain amount of p!Iot effort - results in . gerc./ally well controlled aircraft response.
On the other hand if major excu.sions still occur, obliging the pilot to generate constraints in
sddition to that in pitch, he will register this as an undesirable increase in workloaL 'he relative
magnitude of such excursions can then be seen as a measure of cortrol difficulzy and can be expected to
correlate in some way with pIlot rating.

Rather than empluy an explicit control Iaw, which would be expressed as a postulated control movement
in response to aircraft motion, ve thus use a CONSTUMAiT eauation describing te E.BF.F.T of cintrol on "hU-
responne. Since Neumark13 drew attention to the practical importance of stability in flight under
partial constraint, tha idea of partially constrained flight has become accepted a3 a meaningful concept
and has been successfully extended, for example, in Ref. 14. .lereorer, the same techn-ique can be used,
not only to discuss stability, but to evaluate Lircraft response to tutbulence, as was demonstrated 1l,
Ref. 15.

Close control of pitch attitude is perhaps the most obvicus piloting technique =01 is -ell ac-hievea
except in configurations prone to pilot induced oscillations. Pilots know from experienite tnat by fir
control of pitch the longitudinal moticn of che --ircraft as a unolo is alao well controlled. :ie most
apparent result will be the effective suppression of ti' phugoid. I. should loe not-d, morecver, that
pitch attitude control is generally used 9L. an inner loop in autoltrZ sz-stems. We will use the que•tions
of pitch attitude conscraint here to evaluate effects of. churniz;t aircraft speed. .A- sOped i rp.duaced to
low values the attitude constrained motion dovelopa an osci2latry mode which, as has been pointed oct by
PinskerI6, could indicate a significant handling deficiency for -91L aircraft. uhilst the imposition of
a constraint to represent pilot action is clearly an idealisation, and only represents a first
approximation to the correct representation of the controlled aircraft, it is particularly usefr-l as a
technique for predicting trends in response associated with changing airc.-aft parameters, and it ir. in
this sense that it will be employed here.

The equatioca for an aircraft constrained i,, pitch by me.=s of elevator control have been given by
hemark-1 3, We have used these equations in conjunction with t:he discrete gust model, section 3.3, an the
case of an aircraft described by the following basic parcmeters

mass - 47000o b wing arca - 960 ft 2

lift slope . 4.7 CD 0.12O05C 2

rtllge of aircr-ft reference speeds is considered. A consequence of reducing speed is to increase the
n---• alues of C, and CD. Fbr each reference speed the •-ast response is evalnwwed by means of small

, ';. "•tica equations, using coefficients appropriate to that speed.
• esuUs are illustrated in Fis. 13 and 14 for '1uc!ation- in normal acceleration n due to both

lon'gii•a•d-.l uC and vertical wG components of turbulcnce and perti~rbatio.- ua in airspeed due to the

lonitudinal co=ponant. '.he results illuntrated are only valid if the turbulence scale is ingrea.er then
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Aiorcrft weopoad- at altitusea where L(?ig. 9) is leaa than the A llustrtsted values of 2 7wiJl1 toadd to
ootAWA -eww*- Interuittent large peaks, tonding towards Gawasian statistinal =onattin. Because of the
comiparatlvsly small values of ihs scale length L of vgattical turbulenoa (Mg 9:, discrete Vevt~cal
gusts have 2ompsrat-Ively little iaflueac~d ou airapeoi fluotuatitors during a landing ajppmdc1L. aud
Conseauantl~y the discrete gnint sardlysis haa beer, omitted for this case.

Mhe most Important I=amaeters In a dIicorete gust an'~Jynis ame (cquatior. (8)) 1, which through Ata
ofreot on n largely detezines; the ratst or oecurrsnoo of revsponse pea~ki-, arA W(R~X rhich may be ttken as

a nasue o 4he ia-] IWeor espnpopeksMe t teraircraft dependent pa2 o-1tox, X appevX).ng in
qUop~ (0) varies empaatively tkUloc, lying In the razz~c 0.24 =. 0.04 fcrr all oases evaluated.

O~nsidvring first zhe caae of nor-tal, acceleration reosvcnse n, It cai be seen (Fig. 13) that at
ccnventi'.,nal approach sp~ees H is approximately speed izie-)endant and .~pccs roughly tha dame value for the

i. ragitudinel u and vertical r components of tur~bulence. At very low speods 7 ho-jevLr, below 30m/sec,

i.,apidly Jecreao~s implying, equation (8), that ' he sate of ooccurence of responsa peaks, asno mesued by no.

turbuleac.. 'ire significantly larger than in response to longitudnltru~±o but at low sneeds of

Ir he aseofairspeed per.4mbations ur , re have ')nly considered the offac'ts .3f longitudinal turbulence,

than that for normasl acceleration response, but at approzximatoly 30AV'e: theee 11 valiuss become off equal
order. As speed V decroeases, the amplitude of sirspeed response peaks, du measured by T(fl) also rapidly

We have described hare only a few results from. a genaeral study that is being xade of the effects of
gu~ts on aircraft flying at STOL speods. It is hope-1, howaver, that we havr- ahewn enough to illustrate
ithe manner in which thri livorete gust method may be applied in p-ractice.

5. CO1WLUDfING REXAR0J

We cozacluckc' by mentioning some aress of curreat work and problems frteftrrltdpriual
to the discrete gust model wa have described.

(a) Typical values of k,1 and kc3 , describing the discrete gust content of turbu..aae samples through

equation (6), are being meaiutred for both. horizontal and vertical uompcuents of turbulence under
a wide range of 'oadlitions.

(b The discrete gust method is being applied to assess turbulence characte=:* as of v~arious types
of STVL aircraft. The application to low wing loading aircraft with gost ..Loviation (ride
quality active control) is ctf particular Interest.

(c) Rl~ated work using the discrete gust model is in progress on turbulence design loads, extending
Vie design enivelope and mission. analysis criteria.

2'inally we return to the basic formulation of the gust response paroblem, Fig. 1, The results of
PMas. 13 and 1-4 indicate that for STOL aircraft the magnitudes of normal acceleraticox response to
longitudinal and vertical turbulence are or abott the same order, and the rel evant gust lengths tond to be
qnice short. Thus the correlation between longitudinal and vertical gusts will influence the overall
result and the effects of variation or guzt intensity across the span of the wing may not be negligible.
Thlese are therefore important areas for future work. As the relevant experimnctal results are not as yet
availdable, we have not so far attempted to take account uf these effects In the discrete gust model.
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LEAD DISCUSSION

by
Jean-Claude Wanner

Service Technique Aeronautique
Paris XV France

If I have understood correctly the philosophy of your paper, you have built a mathematical rodel of a

single gust with three assumptions:

1. The turbulence can be reduced to the addition of discrete ramp gusts.

2. The resultant power spectrum is consistent with the Von Karman spectrum model with
only soe modifications for the low frequencies.

3. The level crossing law is nearer the experimental results than the Gaussian models
generally used.

On the last point I would like to bring you new information. Mr. Coupry, whom I am replacing for this 1
discussion today and who is the Chairman of the Working Group on EnvIronmental Statistical Data of the 1
AGARD Structures and Materials Panel, has analysed the results of the tests undertaken in various
countries, and mainly in the United States, on the level crossing distributions. Mr. Coupry will give
the details of his work next week in Bruxelles, but I can give you a partial result: the number of miles
of crossings of a given level W is an exponential function of W. This result seems to be consistent with
your last assumption. I have said "seems" only because I would like to check if I an right when I assume
that your chosen law is actually an exponential one. It is certainly right for the level crossing law
of the response of the aircraft - you have said this. But is it also right for the gust itself? This

On another point, I would like to know the experimental 'a"is for your first assumption rrlucirg the
turbulence to the addition of discrete ramp gusts. Have you made some experiments showing the compli-
ance of your model with the true turbulencn?

And last, a question on the way cof using yo'u turbulence model. I am afraid there is some confusion in
the way the turbulence acts on the aircraft. We have to distinguish three ways of action:

1. A high intensity gust appearing among a mean level of turbulence (this is a remote
but probable case) can force a parameter to trespass a limit, for instance the angle
of attack crosses the maximum authorized value, producing then a stall and probably
an accident, especially if in the approach flight phase.

2. A high level or turbulence, without special gusts producing risks of trespassing limits,
can push the flight parameters near their limits, thus reducing the ability to
manoe•nver the aircraft. This is the effect of the state of the atmosphere on the
manoeuverability of the aircraft.

3. The same level of turbulence as in case 2 can increase the pilot's workload and lead
him to make mistakes, for instance to make an error in heading or to select the
wrong channel for the ILS. This is the effect of the state of the atmosphere on
the pilotability of the aircraft.

In my mind, the action of the pilot is negligible in the first case - suddenly there is a high level gust
and the pilot cannot do anything (maybe this is not true for the jumbo jet aircraft for which the

* response is much slower than for most aircraft).

I think, conseouently, that your model can be very useful to determine what I call the sensitivity to
external perturbations. As a matter of fact, your model can give easily the probability of trespassing
a limit as a result of the effect of a gust, assuming that the pilot does not do anything (fixed controls
or autopilot on). In addition, your model can also be useful to determine:

1. The probability for a critical parameter to be at a mean valu- nearer the limit and
consequently the pzrbability of a reduction in the level of manoeuverability.

2. The probability of occurrence of an accident due to an increasing pilot workload,
the type of accident I can pilotability accident.

For this double purpose it would be necessary to introduce in a simulator a synthetic turbulence based on
your model; this turbulence should be perhaps more realistic than some samples measured randomly in real
ilight.
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OPEN DISCUSSION

D.G. Gould, NRC, NAE, Canada

It is possible, by changing the intensity of a random signal of Gaussian distribution according
to some probability of occurrence, to produce a distribution of levels of the exponential form rather
than of Gaussian form. In nractice this can be accomplished closely by using only two different levels
of intenst~y. one a few times larger than the other, with the higher level occurring a small portion of
the time (or distance) and the lower level occurring during the majority of the time. I think this pro-
cedure may have advantages over the discrete gust approach you have described in that it can more
readily be implemented in both analysis and oiloted simulation experiments.

I would also like to hear your opinion on a second point. During the last two days there has
been some discussion on the deterioration of handling qualities that may result from combining a number
of minimum control and stability requirements. I believe that similar inadequate handling qualities
may be found when two or more adverse environmental effects occur simultaneously. I am thinking in
particular of the possible cumulative adverse effects of vertical wind shear and turbulence which may
occur together naturally. Shouldn't such effects ` introduced into our flying qualities simulation
experiments?

J.G. Jones, RAE, UK

I agree that you can generate non-Gaussian noise using Gaussian processes. But, I think it would
be interesting to invebtigate the process that results and evaluate its properties as I have mentioned.
I don't think there is any incomvaribility.

In really intense turbulence cases, the gust will swamp the wind shear. This does not say that at
the lower levels of intensity that wind shear is not a problem, indeed it may be.

F. O'Hara, M.O.D. (PE), UK

Would it be possible to get better renresentation by combining the discrete approach with the
spectral one?

... G. Jones, RAE, UK

Yes, you may well be able to come up with a realistic turbulence representation.

R.O. Anderson, AFFDL, USA

"We have looked at a non-Gaussian turbulence model which was made by combining two Gaussian sources
into the non-Gaussian. It has some of the Properties discussed here. We tried this on a limited motion
base simulation, and the pilot said that it's more like the thing you really encounter; that is smooth
air, then bang-bang-bang. However, it did not have much of an effect on their opinion, one way or the
other. It was more realistic, but as long as the rms intensities were about the same, their opinions
didn't change.

A.D. Wood, NRC/NAE, Canada

It is generally agreed that (in using simulators for handling qualities studies) turbulence models
ought to reproduce the sporadic peak responses which are not sufficiently nrominent when a simple

,* Gaussian disturbance distribution is used.

New modelling approaches, such as t . !escribed by Mr. Jones, suggest ways of introducing more
representative peaks.

In his closing remarks, Mr. Jones touchcd upon the influence of combined vertical and longitudinal
gust components for STOL aircraft. For V/SrOL simulation at least, perhaps the real test is yet to come.
The most valuable modelling approach is likely to be the one which lends itself to the treatment of more
than one axis with intermittent large disturbances, even at the expense of some approximation in single-
axis representation.

J.G. Jones, PRA, UK

I think that it would be quite difficult to try to reproduce the correct non-Gaussian properties,
with correct correlations in three axes. So I think the engineering answer is to say we got a good
representation of one axis and in cases where one axis is sufficient we should use it.

S •;• • ,• , • • r•------.•-. • •,• •s"• • • : • '' 't• • '• "c' • '; :•-• • "'" •:• •- "• '• :"'•'"4
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M.D. White, NASA Ames, USA

Studies have been conducted recently at Ames in which the University of Washington work describedby Ron Anderson was extended, using larger motion simulators. The studies were conducted in two parts.In the first part, the turbulence models generated by combining frequencies to provide the "patchy"
characteristics of actual turbulence was evaluated on a simulator providing only one degree of motionfreedom. Among the data obtained was the pilot's rating of turbulence realism. The new model was notconsidered superior to the basic von Karman. Furthermore, pilc-ts complained about the difficulty ofevaluating with only one degree of motion freedom. The next phase was therefore conducted on the6 degree-of-freedom motion simulator, with improvements in the model to account for correlation effectsof flying with a given heading with respect to the wind. Still there was no real improvement iu realismrating.

Taking these results in combination with the nature of pilots' comments in earlier related work,it appears to me that the basic problem of the power spectral representations is that the pilot canrideout the disturbances with some confidence that they will self-cancel, and that Mr. Jones' approachas described here is quite promising in meeting that consideration.

ti
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FLYING QUALITIES IMERACTION WITH ELASTIC AIRFRMES

John H. Wykes
Member of Technical Staff

Dynamics Technology, Research and Engineering
North American Rockwell Corp, Los Angeles Division

International Airport, Los Angeles, Calif. 90009

SI4AY

The trends in modem aircraft structural design and aerodynamics are such that vehicle

flexibility increasingly impacts on vehicle flying (handling) qualities and the design processes necessary

to provide satisfactory vehicles. In recent years, the flexibility effects on ride quality have impacted
on handling qualities and, perhaps, should be added to handling qualities requirements or criteria. A
presentation is given of some of ie approaches currently being considered to reduce this interaction;
these include such techniques as active seat isolation and active structural mode control. It is concluded
that any ride quality solution method that includes inducing motion between the pilot and his controls and
displays should be excluded by handling qualities criteria. The structural flexibility and flight controls
interface is briefly examined, and a typical pilot-induced structural excitation is discussed. It is sug-
gested that a pilot prefilter, a modem stability augentz-ion system, and a structural mode control sys-
tem designed to meet ride quality c'.teria can solve the ..- b ,'m without additional criteria. This paper
also discusses the handling qualities flexibility interaction .. ,d the vehicle design cycle. A problem is
identified as developing between the requirements for large amounts of flexible vehicle analyses data and
the shortening of vehicle development cycles. Despite some possible relief due to designer ingenuity,
satisfactory handling qualities on future flexible aircraft may possibly be jeopardized by lack of design
analysis time.

SYMBOLS

bwt
a-%Fi Regier parameter evaluated at maximum dynamic pressure in vicinity of M = 1.0

b 1/2-Root chord of wing
cat First wing torsion mode frequency determined from stiffness provided by strength design load

uniformly distributed on wing
a Speed of sound
SMass ratio; weight of volume of air at design condition included in a trapezoid of revolution

formed by wing planform divided by weight of wing
K Arbitrary scaling parameter to put numbers in range of 1 to 10
a Angle of attack
Y Structural bending slope angle at horizontal tail
Vo Velocity
Cina Pitching moment slope against a, Kja/a
Zp Displacement of pilot
Za Displacement of cockpit floor
f Frequency, Hz
W Frequency, rad/sec
Onz Normal load factor power spectral density due to vertical gust
a Wg Vertical gust intensity (root mean square velocity)
q Pitch rate
nz Normal load factor
6e Elevon deflection

INTOIRMJCrION

The trends in modem aircraft structural design and aerodynamics are such that vehicle flexi-
bility increasingly impacts on .ehicle flying (handling) qualities and the design processes necessary to
provide satisfactory vehicles. These flexibility effects are found in both high-design-load-factor and
low-design-load-factor aircraft; more so in the latter than the former, of course. Figure 1 displays an
assessment of this trend, using a flexibility parameter developed at North American Rockwell for this
purpose. The parameter is proportional to the inverse of the Regier parameter used in flutter work which
is evaluated for wings defined by strength criteria only and an assumed uniform load distribution.
Increasing magnitude of the parameter indicates increasing flexibility. The figure shows trends of this
parameter for both high-load-factor designs and low-load-factor designs developed from the identified air-
craft. On the right are commnts %hLich assess the primary structural design requirements set by the vehi-
cle flexibility as reflected by North American Rockwell's experience.

Aircraft like the subsonic F-86 had structural design requirements which were set by strength
and flutter, with little or no impact by stability and control. Fighter aircraft like the F-100 and F-107,
together with subsonic transport-type aircraft like the DC-8 and C-S, had structural requirements set by
strength, flutter, and stability and control (handling qualities). Aircraft with sustained supersonic
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flight capability like the XB-70 and SST had these same requirements, but with increased emphasis on the
flutter and stability and control requirerents for stiffness. 2

This paper discusses some aspects of two broad categories of elastic airplane-handling quali-
ties problems: (l) the flexible airplane in turbulence and (2) the aeroelastic impact on stability and
control parameters. The first category, in recent years, has attracted increased attention; the second
category has been the area of more traditional continuous concern. It is the intent of this paper to dis-
cuss these problems in light of the need for criteria, and the methods available for achieving cospliance.
The requirement for brevity of this paper precludes examination of the problems and proposed solutions in
great detail, but it is hoped that the sufficient development of the principal factors will encourage
discussion.

HMAMLING QUALITIES-RIDE QUALITY INrACTION WITH FLEXIBILITY

The manner in which a pilot is able to handle an aircraft in turbulence is greatly affected by
the ride quality characteristics of the vehicle. Ride quality, in turn, is affected by the vehicle's flex-
ible dynamics. The B-1 is one of the first aircraft designed to formally recognize the interrelation of
handling qualities and ride quality with a specific requirement. The backgro'md of the criteria established
is described in reference 1. Included in the criteria is consideration of the pilot's tracking task, pilot
fatigue with time, and dynamics of the human body. There are presently under development two approaches to
improving ride quality of flexible aircraft and, thus indirectly, handling qualities. Cne approach is the
active control of structural modes, and the second is active seat isolation. It appears desirable in thiv
discussion of handling qualities criteria to evaluate the appropriattness of each approach.

Figure 2 shows a sketch comparing the main features representative of each type of system.
Typical of the structural mode control system is the external aerodynamic force generator activated by
onboard sensors. When an input excites the structure, the motion is sensed and passed through electronic
shaping networks which cause the aerodynamic surfaces to deflect and produce a motion controlling airload.
The whole vehicle structural motion is damped by this method. In contrast, the active seat isolation
scheme employs a seat separated from the vehicle structure by a hydraulic actuator. The h,,drailic actu-
ator is activated by a processed signal from motion sensors located on the seat and airframe.

For more detailed explanations of how these systems work, the reader is referred to refer-
ence 2, which discusses a typical structural mode control system, and to reference 3 for similar informa-
tion on a typical seat isolation system.

It is revealing to look at the pilot normal load factor response due to turbulence in power
spectral density form, with and without the typical structural mode control system operating in conjunction
with a conventional stability augmentation system. As shown in figure 3, the stability augmentation system
works well in reducing the short-period response, and the structural mode control system does well in
reducing structural motion across a broadband of frequencies.

Before looking at what a seat isolation system would do in similar circumstances, consider the
displacement transmissibility curve of a typical seat isolation system as displayed in figure 4. A key
feature of the system is the notch (in the caif)ensation) shown at about 4.5 Hz; this is a typical feature
which can be timed to any other frequency to eliminate the effect of a dominant mode. If, however, the
notch is moved to a lower frequency, as required by the case of figure 3, then the motions at frequencies
below the notch are amplified as indicated by figure 4. In figure 5, typical performance of a seat isola-
tion system is displayed. The notch of the system is located to eliminate the effect of the large struc-
tural mode peak at 18 rad/sec &=3 Hz). As expected, the formerly low peak at approximately 12 rad/sec is
amplified greatly.

If the notch were to be moved low, r to accommodate the 12 radisec ir. .. - double amplitude
throw required by the system vould begin to ."ncrease rapidly. This, then, leac * :ey objection to the
seat isolation system, and is particularly pertinent to handling qualities require: .-..,

The seat isolation system causes the pilot to oscillate in relation to his instrument pxinel
and his controls. If conventional wheel or stick and rudder pedal controls are used, the pilot's arms and
legs move in a potentially adverse manner, causing deterioration of handling qualities. Let us suppose,
though, thit the pilot really does not need to use the rudder pedals and can placc his feet on a support
on the moving seat, and further, that he can use a side arm controller. A serious problem still remains
which affects the pilot's ability to handle his aircraft. The problem is in reading his instruments and
operating switches, as figure 6 demonstrates.

The data shown are for the subject moving while the visual material remains stationary, which
is the r,-lative situation with the pilot in an isolated seat in a moving cockpit. The data indicate that,
for a constant sinusoidal peak amplitude load factor of 0.25 g, there is a general degradation in ability
to scan (read instruments) and to place (operate switches) as the frequency is reduced from 9.5 to 2.4 liz,
with a peaking of degradation at 3.4 11z. The experimentor attributed this loss in performance to the
relative motion between the subject and the near reading distance of the tasks.

The seat described in reference 3 had a linear capability of a range of t1 inch and , iraximun
deflection of t2 inche-. The system was highly nonlinear over the range from i to 2 inches because of the

-.. . . . ..... . • -.. _ • . - • • , _ • . • .: • •.:-- _ . , ,•# •6 -€
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necessity to provide increasing stiffness to prevent hard bottoming of &.e sy-tem. At a forcing frequency p
of 3.4 11z, then, this system would definitely have the proJlem demonstrated of scanning and p'A:ing, since
the system would nave a displacement of +±0.2 inch, well within the capability of the system.

Among other objections to the seat isolation schee is a requim-eent to wash out inputs from
constant maneuvering load factors. Also, the system is currently suited only to one-axis operation with
the possibility of great mechanical complexity if exctended to two-axis capability. (Future large low-load-
factor aircraft may require this capability.) Each individual. seat in the cockpit would require separate
systems. Only limited simulator experience and no flight test to date exist for isolated seat systems.

While structural mode control systems have their own unique design problems, these do not
impact as unfavorably on the handling-qualities aspects as the seat isolation system. The reader is
referred to reference 2 for an overview of structural mode control system analytical and flight test expe-
rience. This experience shows that structural mode control systems can be made to operate without inter-
fering with the basic stability augmentation system and, thus, a vehicle's handling qualities.

The U.S. Air Force handling qualities specifications do not presently include a quantitative
ride quality requirement, but perhaps should. The author suggests that such a requirement should limit
design solutions to those that do not induce objectionable relative motion bet-een the pilot and his con-
trols and displays.

STRUCIURAL FLEXIBILITY AND FLIGHIT (DNTLS

The interactions between structural flexibility and flight control systems have grown in pro-
portion to the trend of £F.exibility effects on stability and control indicated in figure 1. In addition,
the demands on the control system performance have grown proportionately. A simplified way of viewing
some of the flexibility interactions as they affect vehicle undamped natural frequencies and damping
ratios is given in figure 7. The !haded area indicates where the parameters should be for generally
favorable handling qualities.

Taking first the ride quality aspect, it is seen that increased structural damping is desir-
able. hhile it is indeed desirable to increase the structtal frequencies to reduce the susceptibility to
gust excitation, there is need to consider the fact that, in the 4 to 8 Hz range, the pilot will be more
markedly affected by a given level of acceleration (reference 1).

If the short-period frequency and the first mode structural frequency are too close, it is
possible to develop a structural mode instability (reference 5). In addition, if these two modes are
close, it often complicates the stability augmentation system design. With increased control system com-
ponent capability, however, some designers are attempting to have the contreO system do two jobs - the
basic stability augmentation task plus cont,-ol of several of the lower structural modes (reference 6).

As the figure shows, the undamped natural frequency and the damping ratio must be located
within the ranges indicated to provide satisfactory handling qualities for general flight and terrain-
following capability. It is of interest to note that improved ride quality due to large aircraft short-
period characteristics represented by the lower right-hand corner of the plot require increased frequency
and decrcased damping (reference 7).

One of the significant aspects to be emphasized with this plot is that the control system
designer must know where he is on this plot for the basic flexible vehicle before he can set the require-
ments for his system to solve these many conflicting requirements to provide satisfactory handling qual-
ities and ride quality. To acquire and analyze the basic vehicle flexible structural and aerodynamic data
in a timely fashion is probably one of the most difficult tasks the designer faces. Additional discussion
of this problem is presented in the main section following this.

In figure 8, a specific flexible vehicle handling-ride quality interaction with flight controls
is Allustrated. It is to be emphasized that the interaction shown is not unique to the particular vellicle
manlyzed. Shown is the analytical time history of the response of the flexible XB-7n to a relatively sharp
eleven pitch control pulse. The flight condition is H = C.95 at 25,000 feet without stability mnd control
augmentation. This calculation is more than 9 years old and reflects a much more flexible Y.C-70 than
actually flew. At the time the calculation was made, the input was judged to be somewhat severe. In light
of the research nature of the XB-70, though, it was felt that the pilot could maneuver the vehicle without
using such sharp inputs, and thus a pilot prefilter was not warranted. Inclusion of such a system later
was not precluded. Subsequent flight test data, however, shomed that on many occasions the pilot did excite
the structure with eleven maneuver inputs sidlar to those described here and then reported turbulence.
The pilot of the accompanying B-58 would report no turbulence effects on his aircraft.

For aircraft with present levels of flexibility (figure 1), this type of problem can be solved
through a balanced combination of the application of (1) a pilot prefilter, (2) a regular stabilicy aug-
mentation system with sensors placed and compensation designed to assist in structural mode control, amd
(3) a separate structural mode control as on the B-1. It appears that this design approach, together with
a ride quality criteria requirement, could elimirate the objectional structural motion aspects of cockpit
motion ef the type illustrated in figure 8 without the need for more specific criteria th.an now exists.

Si --



HANILING (QJALITIES, FLEXIBILITY, AND •TE IESIG( CYCLE

The fact that the U.S. Air Force specification on flying qualities of piloted airplanes gives
such brief specific guidance on aeroelasticity and structural dynamic effects is, perhaps, an indication

of the difficulty in determining how to successfully include such important effects in criteria form with-
out unduly constraining the designer. The designer is increasingly challenged by the fact that these
factors impact more and more on his preliminary design considerations, as has been illustrated by figure 1.
Furthermore, the tire that is allotted to adequate analyses of these important technical areas seems
increasingly shortened by the pressure to get the hardware designed and flight tested.

This challenge has not gone completely unrecognized. The U.S. GDvernment and industry have
assembled complex structural aid aerodynamic digital analysis programs (NASA's NASTRAN and North Anerican
Rockwell's ASKA are typical) to attempt to cope with the problem. The detail of data required is tnormous,
but rightly so, in order to produce meaningful answers. The design process is still iterative as illus-
trated in figure 9. The cycle illustrated can typically take 6 months or more. Recycling can add many
additional months before satisfactory flexible vehicle characteristics are insured. The author believes
that the increasing impact of flexibility on handling qualities, the increased scope of criteria to be met
(illustrated by the U.S. Air Force handling qualities requirements), together with the increased effort
and time required to obtain adequate data to demonstrate handling qualities requirements (illustrated in
figure 9), has not been properly recognized in the development cycle scheduling of many modem aircraft.

In order to obtain somne relief from this problem, the engineer can, and has, exercised some
ingenuity. As an example of this, at the North American Rockwell Los Angeles Division, the loads engineers
have developed a design criteria which involves the basic static longitudinal stability of the flexible
vehicle. The present handling qualities criteria impact through specifying a minimun short-period fre-
quency which can be interpreted as a static stability level or pitdcing moment variation with angle of
attack (Cia). Given this vehicle level of static stability, the loads engineer establishes what he thinks
is reasonablk to allow as a flexible-to-rigid ratio for the aft fuselage-horizontal tail combination for
the critical design case. It is asstmed that he has already analyzed the flexible horizontal tail fixed
at the root; thus he knows its flexible loading characteristics and sizes the tail accordingly.

With these items known, he then assumes the fuselage cantilevered at the center of gravity as
s" .4n in fi gure 10 and loaded with the flexible loading he knows will produce his required static stability.
The slope at the horizontal tail root is given to the structural analysis group as a requirement. The
structure is sized and iterated within this group and the weights group until the desired slope is
obtained. A key point here is that the structure is sized with a correct coordinated flexible loading.
The loads group, however, does not have to get involved in the iterative cycle, thereby saving valuable
time.

It is obvious that this type of design criteria has no place in the handling qualities specifi-
cation because it is not general enough in scope and is configur-ation-sensitive. More than that, similar

cri,-eria might arbitrarily restrict the designer's solution choices. Much imaginative work of this nature
remains to be accomplished before the main problem discussed here can be solved.

CONCLXUDINC REMARKS

The author wishes to emphasize several important points in concluding this paper.

Ride quality is a legitimate aspect of handling qualities, and general criteria should be
included under, or in conjunction with, existing handling qualities criteria. The ride quality criteria
in current use appear adequmte, except that solutions to meeting the criteria should exclude those that
permit excessive motion between the pilot and his instrunents and controls.

The time trends of flexibility impact on aircraft design show greater and greater effects on
stability and control (and thus handling qualities). Yet development cycles are being squeezed. It is
possible that future vehicles will have increasing difficulty in demonstrating satisfactory compliance
with handling qualities criteria during flight test unless increased attention and time are pemitted to
be given to flexibility effects analyses during preliminary and early development phases.
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LEMD DISCUMION

by
H.A. IMooij

National Aerospace laboratory NIX
Amsterdam, The Netherlands

1 Introduction

This short paper must be regarded as just a rew notes on important aspects of the impact air-
frame elasticity can have on flying and riding qualititea. The autbor -reGretfully- did not receive
the lead-paper prepared by Mr. Tykes before the lreeting and thus ro regular "discuss~icn" could be
prepared. He týherefore tried to summhrize the contents of a number of -ir. hiý opinicn- important pa--
peri (literature 1-12%1 whilp addirng his own point of vic% witih the aim to give a survey of the pro-
blem areas in the field of interaction between flying qualities and riding qualities or. the ono hand
and elastic deformations of the aircraft on t!.e other hand.

2Considerations

2.a General

The most Jifportsnt devcloprment~b responuible for recently increase'. interebt in the subject

cani be attributed to a number of changes in airframne construction evolving "rmm the total technolo-
gica adacmn.T eal opnert oan fhge ria'e ised n ihrMu

numcer, lenerfuselages and relatively thin airfoils have come into uzJe.
Intodutio ofmaterials with higher specific strength and relatively lower stiffnezs: aild more op-
timied onsriciontechnology have, octewihtefrofafamjutenoedldt oz

elaticty ndassociated lower structura2 frequencies.
Iisfurther noticed here that in an appreciable number of aircraft (worth coinsideration

wit repec tothepossible interactions between aircraft elasticity and flyinC/riding qualities),J
coe onrol ofstabilit wd/or contrAl augmentation system forms an important part of the aircraft

contol yst.m.Aurmentation systems, having an important bearine: on the totza pilc' vehicle system,
cantb elce nthis discussion,.

2.b Flying Qualities and RidingQulte

Althoughl other descriptions are possible, it seems appropriate to use the following descrip-
tions:

Plying Qualities of an aicatdqtermine the 3uitability of the ai-rcraft for control by a
human pilot; to Ice a little bit more specific, the "iuitabilit~y" can be interpreted as thoseZ
qualities and charac-teristics of an aircraft which influence the precision, Pane "nd safety
with which a p-Ilot is able to perform. desipn.-ted manoeuvres and tasks to fulfil a designated
role. 4
Riding Qualities of aircraft is the property describinp crew and passenger comfort in naormanl
turbulence. Disturbances considered here are cust-induced riioii body and el'astic mode dyraidc
response. Thc banldwidth of disturbances considered in this context is outside the ban! flor
effectiv6 pilot control (thus above some I c.p.s.).

2.c Characteristics of elastic airframes to be considered

It seems practical for the discussion here to di-stinguish between two characteristics of
elastic airframes relatinC to the interaction with lynriigqualities.

Aero-elasticity in the quasi-steady sense can be used to indicate the ;property of chang-ingý
stability and control paramecters under certain con-ditions9 duo to defoxrmations of the aircraft
structure as a result or high dynamic pressures, Mach effects anA airframe stiffness during l-gr
flight or lone term nanoeuvres, appreciable chan:-es in stabilitp3 and contiol rnirameters as cormpr~red
to those in low speed flight can occur (e.g. Aileeon-reversal problems).

Structural Dynamica ia the other chkaracteristic to bc considored.
Structural dynamics here will be the name for additional degreas of f.-eedcn to be considered in the
aircraft dynamical descrapt~icn, covering the frequency band up to the upper-limit -considered impor-
tant for Riding Qhualities (1C to 15 c-.ps.). Only effects of structural dynamics will be discussed
below.

2.d Type of interaction-effects

For discussion purposes it seems use9fUl to djqtinsuish betwe2n two cateN-ories of a.-rccraft.
High iperformanco, high load factor aircraft.
"*Influence of airframe elasticity on riding- qualilips".

High lev.el3 of' pilot distraction ani fatiguem throurh a rouZh. ri.de arP possible. it is
remarked here that the important effect of structural dlynamins on th-- calculated power spcc-
tra. for pilot station accelerations is often neglected for t.:i3 category of aircr-ft; recent
res-z-rch hP.4 indicated thfxt an iorrrense up to a factor of twio in root rear. nquaro accelera-
tions of pilot statior for cert~in confirurattions Zs possible when som N\ndanmr.tal sitructu-
ral codes are included. (e.g. a:"mx-,trict1 bendi~n.- of fusilare. !at wint- Ir.'rdin.: and lIst V;ir.x:
torsion modes). In particuiar caseý it. i-, importani to "ncorporate inor.-stcai'y neroc:rv-:nic~s
in caliculations.

x) Although not described by the sane chatracteristic pripFerties. STZL xircraft shouldj possibly be
included in *his categor-y for the dxscussio" of the influence of airframe elasticity.
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Transport type, low load facto- aircraft.

"Influence of airframe elasticity on flying qualities and on riding qualities".

The possible existence of very low frequency structural modes characterizes this cate-
gory of aircraft.
As far as the effecte on flying qualities are concerned, one can speak of "coupling of modes"
in the sense that When the pilot wants to manoeuvre or stabilize the airplane he has to cope
with higher order responses. For a pilot trying to control attitude of the airplane through
the Short Period Uode and Roll Mode, the amount of nuisance dynamics -for the "rigid air-
craft": Dutch Roll Mode and Spiral Mode- is now agg'-avatqd by Elastic Modes of the flexible
aircraft. Pilots appreciation of transiont dynamics will most probably be based on the total
response motion.

Special problems may arise when frequencies of rigid body and elastic modes are in close
pr-ximity. Predictions are published (literature: Cleveland) indicating that for very large high
subsonic transport aircraft (gross weight- 5 1., 10.10r lbs) the first wing symmetric bending fre-
quency rnd Short Period Mode frequency approach each other. When such an aircraft encounters a gust
the resulting wing bending induces motion of the pilot station. The pilot, in attempting to damp
this motion -what to him appears as a Short Period oscillation- may intensify the wing bending,
which was the original cause of the perceived mution.

As far as the effects on riding qualities are concrrned, the same arguments a• forwarded for
the high performance, high load factor aircraft can be mfntioned.
The probability that detrimental effects on riding qualities due to structural dynamics exist for
transport type, low load factor aircraft, is higher 4 for high performance, high load factor air-
craft, because most probably modes with 4-8 c.p.s. f, ý'es (most crilical band) will occur.

3The role of augmentation systems

3.a Augmentation Systems

As mentioned in the beginning of this paper, aircraft to be considered in a discussion about
the interaction of flying/riding qualities and airframe elasticity will in :.st cases be equipped
with some sort of augmentation system. In an effort to distinguish certain o•sic concepts, three

basic groups can be discerned:

- Stability (and Control) Augmentation Systems (SAS)
Improvement of "rigid body" aircraft flying qualities

- Gust Alleviation Systems')
Active reduction of "rigid body" gust sensitivity (artificial low lift-curve-slope) of the
aircraft, aimed primarily at comfort improvement for crew and passengers.

-Elastic Mode Damping Systems
imprcvement of structural mode response by dissipation of vibrational energy once present in
elastic modes. The system is aimed at improvement of the riding qualities and fatigue damage
rate reduction.

The author is perfectly aware that the scheme presented above is rather arbitrary, but it is
one way to separate certain basic concepts in an area where In fact no clear separation is possible.

Due to relatively high power levels needed for tle actuation of vertical force producing
aerodynamic surfaces and the problems associated with the simultaneous excitation of elastic modes
of the wing, the 2nd system holds the least promise for "real elastic" aircraft. Therefore a trend
might be distinguished 'o prefer combinations of the 1st and te 3rd systers indicated above, thus
SAS with Elastic Mode Damping capability. Thus, while contemporary systems are designed to provide
stabilit; and control aujimentation for improved flying qualities, future- augmentation systems will
incorporate structural mode damping features as well.

3.b Advanced Concepts.

Due to the emergence of the concept of "hardened" JAS (being "as reliable as the structure"'
it seems that once these -vystems are fully developed, the addition of atructural mode damping capa-
bility will, in general, not add "appreciably' .o control systems complexity because all hardware
elenents are already available. •iastic mode damping wil) mainly be a maiter of refined optimiza-
tion for sensor location and filter desiirn.

The concept of "hardened" SAS will be required for certain aircraft, because the basic rigid
bhdy airframe dynauilc5 are such that no control i., cth ise possibln (e.g. ver-y big CTOL: exces-
sive rigid body response times to control inputs; 3.3OLM: very precise control for approach and
landing with preferably low static st ability airframes).

Control au-mentation in the form of Direct Lift Control (DLC), designei a-: an integral part
of the overall s, cm, might b-t needed to improve =ontrol for low lift cura s'ope aircraft (low
normal acceleratior sansitivity to r-ust invputi). Pilot opinion data have beccme available indica-
tinF pilots preference for low lift curve slo..r. aircraft when equipped with ad4equ-tie (Dtf) capab4-
1lity.

x) Systems to reduce vertical acceleration and pitch rotations are mean. hern. Lateral accelerations
are basically only a small fracticn of the vertical as'elerations and arc relatively unimportant
compared to roll and ytw motions *nich can be taken care of by a S-S system.

x ') Unfavourable interactions br.tween pitch attitudr control ;Ld thrust wontrol might exist as
well at very adverse gmOunC effects. A real requiremenu for rate-co.r.andatti'tude-hold eatures of
the fl.iht control system could exi3t.
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When aircraft are built such that a high-authority (hardened) SAS forms a basic part of the
control loop, as might be expected in the near future as indicated above, one might say that the so
called "Fly-By-Wire (FMW) principle" is realized.

SA widely used definition is formulated as follows: "A rzf-W control system is an electrical primary
flight control system employing feedback cuch that vehicle motion is the controlla. parameter".
In this case one is fully dependent on the characteristics of the sensed state variables so that
considerations of control system design and structur&l dynamics is of ultimate importance.
One beneficial effect of FEW control systems with respect to airframe elasticity forms the possibi-
lity to control the aircraft through a side-stick controller. Considerable reduction of pilot-necha-
nical-coupling between elastic modes and flight control system av compared to center stick or wheel
type controllers could be realized.

3.c Criteria

Criteria indicating allowable degrees of interaction of ela-tic aircraft modes for pilot con-
trol are virtually non-existent.

The U.S. Military Specification on Flying Qualities of 1968 mentions the importance of the
possible important interaction by stating: "the effect of aeroelasticity and structural dynamics
should not be overlooked in calculations or analysis directed toward investigation of compliance
with the requirements of the specification".

When important interactions exist in such a manner that dynamic responses to pilot inputs for
aircraft attitude control cannot be longer adequately described by 2nd order (pitch attitude) or
1st order (roll attitude) responses, with additional constraints on 2nd order Dutch Roll characte-
ristics and ist order Spiral Mode (in)stability due to perceivable multiple frequency responses.
generated by structural dynamics and stability augmentation dynamics, effort should be made tc con-
sider time history boundary criteria instead of rigid body dynamic stability parameter boundaries.

4 Concluding remarks.

By this very short and certainly not-complete discussion of the effects of airframe elastici-
ty on flying qualities it is emphasized that this complex problem area will only increase for air-
craft to be built in The future.

. Designs for low gust sensitivity to decrease the amount of energy transfer from the turbu-
lent atmosphere to rigid and flexible aircraft modes must be considered the solution most probably
selected by aircraft designers.
In most cases this will havy the result that full reliance on stability and control augmentation
systems incorporating elastic mode damping will be necessary.

Because STOL aircraft are operating a high percentage of their flying time in a turbulent
atmosphere, the importance of aitframe elasticity for these aircraft will mainly be centered around
the accurate predictions of riding qualities based on calculated rigid body and elastic mode res-
ponses to gust inputs.

. Favouring time history over dynamic stability parameter boundaries will possibly b3 the
best way to cope with airframe elasticity in the field of criteria and specifications for flying
qualities.

*1

t.
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OPEN DISCUSSION

A.L. Byrnes, Lockheed, USA

Mr. Mooij mentioned "fly by wire" control systems as a thing of the future. I'd like to mention
that the U.S. Navy has had an airplane in the fleet since 1962 which has a "fly by wire" control system
and the control system includes augmentation in which stick displacement commands load factor rather
than control surface displacement. Perhaos Mr. Siewert might want to comment on the Navy experience with
this airplane.

R.F. Siewert, U.S. Navy, USA

11, airplane that Mr. Byrnes was referring to was originally called the A3J and subsequently
the designation has been changed to the A-5. It is what we would call now a command augmentation system.
It 1-2d no gust Ltleviation. The "fly-by-wire" operation is very reliable and has worked quite well.
In the lateral mode the pilots prefer te "fly-by-wire" over the mechanical system.

Prof. K.H. Doetsch, DFVLR, Germany

Statement to Lead Discussor's remark on the usefulness of fly-by-wire with sidestick controller:

If this sidestick controller is "ixed to structure it may not help in avoiding pilot's involuntary
feedback into the control system in tt ilent air, because of the reduction in force level, particularlycentering force, on this type of contrclier. It should be fixed in the moving seat mentioned in Mr.

Wykes's paper on the armrest.

After watching many attenpts, during the last 30 years, at achieving gust alleviation, I
put the question: Does anyone believe in its eventual success?

H.A. Mooij, NLR, Netherlands

I don't believe in using an active g,,t alleviation system in the more flexible aircraft of the
future.

J.H. Wvkes, NAR, USA

I don't think I would make as strong a statement, but again it has to be apvroached from individual
applications. The flexible airplane application does present a problem, but it can be solved by coupling
it with a mode control system and using these together.

J.T. Gallagher, Northrop, USA

If we do the jot properly on the flying qualities specification in turbulence, then the flexible
airplane problem will be taken care of. All that will be required is using a flexible mode description
instead of the rigid body description. The ride qualities problem is a subregion of specifying flying
qualities in turbulence, if you do it correctly.

C.R. Chalk, Cornell, USA

I would like to raise a point of warning regarding tb. design of these systems. You must be
careful with all this compensation and using prefilters on the pilot input. You must be careful about
using thesa teclhniques because they increase the order of the dynamic system. If your mission requires
any precision tracking tasks (attitude tracking in particular) perhaps terrain tracking you may find
yourself with a PIO problem.

W.".. Kemp, Jr, NASA Langley, USA

A comment regarding the lower frequency range. Some recent studies formulating a quasi-steady
ae oelastic problem with inclusion of a speed degree of freedom, not just the two pitch and plunge
deg.-ees of freedom, have incdicated the possible significance of aeroelasticity on the phugoid motion.
This work has shown the possibility of a phugoid mode of considerably higher frequency then the equiva-
lent rigid airplane would have and worse, a high phugoid damping.

~ - <. -A
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INFLUENCE OF THE DESIGN AND FUNCTIONING CHARACTERISTICS OF THE FLMING CONTROL SYSTEM

OF A TRANSPORT AIRCRAFT ON ITS FLIGHT QUALITIES

by

R. DEQUE
AEROSPATIALE

TOULOUSE, FRANCE

SUJ4ARY-

The flying control system, defined as consisting of all the devices which
change pilot's action on cockpit controls into force and aerodynamic moments
necessary to manoeuvre the aiz craft, can be mote or less cor .ex and may, for
instance, include various automatic compensators. In all cases, this system
plays a prominent part in the behaviour of the manually opeiated aizcxaft
system, the study of which enables the aircraft flying qualities to be deter-
mined. To illustrate this influence, reference is made to the problem.- en-
countered in the course of flying quality studies for both a supersonic and
a .buosonlc transport aircraft. In a first part, a study is made of the In-
fluence of the static and dynamic characteristics of controls between cockpit
controls and surfaces without automatic compernsators. Tne zecond part the spe-
cific problems raised by automatic compensators are evoked. Finally, in the
third part, a study is made of how flying qualities are affected by flying
control failures and by the safety and reliability objectives which must
as a consequence be achieved.

• .t
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1. - INTRODUCTION -

The study of flying qualities consists mainly of evaluating in what performance and safety conditions
the pilot can carry out a given task with his aircraft in a given state. By safety we mean not only the im-
mediate risk, but also the long term risk caused by a control of the aircraft requlr-ng too much attention
and skill to enable the p:lot to carry out his task.

The interface between the pilot and the aircraft defined by its aerodynamic propulsive and weight cha-
racteristics necessarily plays an important part in obtaining good flying qualities. This interface is es-
sentially comprised of two parts : on one hand the instruments which supply the pilot with the information
required to define his action and on the other hand the flying control systems which enable him to take
action on the behaviour of the aircraft. We are going to study here the influence of the functionary cha-
racteristics of the flying control system on flight qualities. Since this subject is extremel, vast and
complex we shall not discuss it in general. We shall only quote a few examples to indicate the lessons
which we have drawn from our experience in the design ai-d development of civil transport aircraft and
mainly of the CONCORDE S.S.T.

In the first part of our discussion we shall study the influence of the static and dynamic characte-
ristics of the controls between pilot controls and surfaces. We shall then evoke the particular problems
caused by automatic correctors, and finally we shall briefly examine the consequences of flying control
system failures on flight qualities.

2. - INFLUENCE OF THE STATIC AND DYNAMIC CHARACTERISTICS OF THE FLYING CONTROL SYSTEM -

2.1 - Static linear characteristics -

These claracteristics are defined by the relationships which exist between the displacement and
force applied to the pilots' controls (control column, wheel, pedals) and the deflection of the correspon-
ding control surfaces without considering non linearities (threshold, backlash, friction, hysteresis).

a) Kinematic relationships -

When several surfaces are controlled by the same pilots action, which is often the case in roll control
it is possible to improve aircraft control by choosing the appropriate kinematics. On CONCORDE, for exam-
ple, it has been possible to "nprove the VJV criterion which characterizes the roll-yaw coupling by
playing on the relative roll deflection of the inboard elevons in relation to the outbc_. and central
elevons (see P1. 2). This optimization has enabled us to eliminate completely the tendency to pilot indu-
ced oscillations, in supersonic flight without stabilizers.

The choice between the pilot control displacement and the corresponding efficiency of the surfaces
controlled by this displacement is difficult. In fact, control surface efficiency can vary consideiably
according to flight conditions (1 to 20 and even more on certain aircraft), and unless one adopts kinema-
tics which are capable of varying according to flight conditions, which is rarely the case for complexi-
ty and safety reasons, one is obliged to accept a compromise. Large pitch or roll control displacements
are conside.,ed to be uncomfortable mainly because they render coordinated pitch and roll manoeuvres
difficult and inaccurate by the position which the pilot controls then occupy. It appears, on the other
hand, that small control displacements can be accepted without difficulty provided one has appropriate
force laws and very good control characteristics (very little non-linearity). On CONCORDE, we have a
displacement of 10 mm in certain flight conditions to obtain a load factor variation of 1g, but we must
remember that the accuracy of the electric flight control of this aircraft Is excellent. At the worst,
it is possible to control by application of forces without displacement of the control column and we
have retained this as an emergency control mode in the event of pilot control Jamming.

The relationships between pilot control displacement and angula." aircraft speed are not perfectly
linear for various reasons. In fact, in certain cases non-linearities are civated voluntarily. Simulator
testing sometimes tends to lead to excessive increases of efficiency for small control displacements par-
ticzilarly in roll control. This is due to the absence of correct simulation of angular accelerations.

b) Feel-force laws -

Different pilots have expressed varying opinions on force laws. Some of them would prefer to have small
forces, particularly on the flight simulators because aircrAf" control is in this case in their opinion
more accurate and less tiring. However cont.'ol safety considerations soon lead to a compromise which on
CONCORDE corresponds to 20 to 30 daN/g (See P1. 3). Furthermore, it is also possible that in certain con-
ditions of dynamic characteristics of the aircraft small forces lead to a tendency to pilot induced oscil-
lations. We have encountered th!s situation in high supersonic flight with forces of 10 daN/ 5 and by dou-
bling the forces this problem disappeared.

2.2 - Dynamic linear characteristics -

On CONCORDE the maximum control surface displacement speeds are approximately 30/second (tc-
tal travel in 1.5 seconds). This has caused no problems. It seems, that these values can in the event of
failure be divided by 5 without detriment to the safety of the flight.

The sezvo-control band pass (See P1. 4) which corresponds to a maximum phase shift of 45* at 2 c.p.s
is not a result of requirements for manual control but rf automatic system stability considerations (dam-
per and autopilot).
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2.3 - Non linear characteristics -

The following non linearities are gener-ally observed on a control The kinematics between
control displacement and surface displacement show backlash distributed elasticity and friction which cau-
ses hysteresis (See P1. 5, 6).

If one examines the relationship between the force applied at the control and displacement of
the surface, one can observe a hysteresis which is the result of the afore-mentioned backlash, elasticity
and friction, and a force threshold which is voluntarily introduced to obtain a correct auto centering
characteristic (See P1. 7, 8). It is accepted that to obtain correct return to neutral position this
threshold must have an amplitude of about 30 % more than the friction forces.

Flight qualities are generally affected by the position of the artificial feel device in the
control or more exactly, in relation to the non linearities of the control. If there is backlash or hys-
teresis (friction, elasticity) between this device and the control surface, the position of the surface
after control action will not be clearly defined. In roll control for example, this can lead to conside-
rable apparent spiral instability or even pilot induced oscillations.N

Pilots prefer small force thresholds (2 t o 3 kg in pitch and 1 to 1.5 kg in ro.ll) which is dif-
ficult to obtain with a control system comprising fairly long cables, tasking friction into consideration,
and one is then led to introducing boosters on the control. For this reason, we have introduced relay
jacks on the CONCORDE mechanical standby controls. These jacks are also used as autopilot servoactuators.

Another type of non-linearity, consisting of a no-force displacement range, can be obser-:c± on
certain controls. Such is the case on CONCORDE. Within this range (a few tenths of control surface displa-
cement degree4) control column displacement does drive the surface but with very small force variations.

Such a characteristic noted by the pilots has not provoked any control difficultits, in spite of
the considerable control surface efficiencies encountered in flight. But we now this is strongly Influen-
ced by damping and friction characteristics of the control around neutral position.

3. - PROBLEMS RAISED BY THE USE OF AUT0MATIC CORRECTORS -

The compromises made when designing an aircraft (weight, performance, etc...) can lead to deficiencies
in its static and dynamic behaviour. Automatic devices arenas naturally called upon to remedy this. Our
aim here is not to study what it is possible to do with correctors, since theoretically, almost any use
can be made of them, but to mention a few practical limitations which we have encountered in their use on
CONCORDE.

Dampers-
They elaborate control surface displacement orders in terms of the angular speeds detected in roll,

yaw and pitch. The gain of these stabilizers is limited in certain parts of the flight envelope by the
appearance of a new oscillatory mode (0.8 to 1 c.p.s) which is a result of the various delays introduced
in the loop by the servocontrols and filters introduced to avoid de-stabilizirg the structural modes of
the aircraft. We are fortunate in that the gains thus obtained are adequate to ensure correct aircraft
damping, as it would in fact be difficult and expensive to improve the present stability margins of the
stabilization loop taking the various constraints into consideration.

For safety reasons, and in spite of the automatic monitoring devices adopted the authority of these
stabilizers is voluntarily limited to relatively small values of control surface displacements (See P1. 9).
In pitch for example, we avoid going beyond an authority corresponding to a load factor variation of 0.5 to
1 g, and there are certain flight cases where this is far less this has never caused any control problems
even in strong turbulence conditions when the maximum authority is frequently reached, but has on the
other hand an unusual effect on force law characteristics (See P1. 10) and has led us to find a compromise
between gain and authority. It is possible to compensate the apparent loss of efficiency due to gyrometric
terms by introducing a compensatory term elaborated from the detection of the surface displacement ordered.
Such a solution has been developed on the simulator and tested in flight but has not been retained since the
improvement in aircraft control has not been considered sufficiently significant to justify the added com-
plexity.

Electrical pitch trim -

An electrical trim device not only enables the pilot to carry out the conventional trim adjustments
but is also used as a static stability corrector. In transonic conditions, a trim displacement law, depen-
dent on mach number and, at low speed, a law dependent on incidence, enables positivt stick free static
stability to be restored.

The safety of these devices is ensured not only by equipement self-monitoring, but also by a control
surface displacement speed limitation controlled by the electrical trim system. This is designed such that
the pilot is always able to take overriding action.

The control surface displacement speed controlled by the pilot is 0.5"/sec. The speed of the corrector
devices is limited to 0.35"/see. This means limiting the amplitude of the effectively obtainable static
stability correction, to avoid anomalies in certain flight cases. In fact, in rapid but realistic 4aria-
tions of Mach and particularly of incidence (recove:y from involuntarily exceeding the normal envelope li-
mitations for example) aircraft control becomes extremely difficult if the trim system cannot carry out the
planned displacement variations, as this can lead to a ccnsiderable increase or decrease of control forces
Here, once again a satisfactroy comprcmise has been possible.

-N&•
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4. - 1SOJNEQUCES OF FLYING CONTROL SYSTEM FAILURES ON FLIMIQ ALITIES -

The FPrnco-British airworthiness regulations for at,•rs')nic aircraft link flight quality require-mnt
levels with the probability of occurrence of the various states of the aircraft.

Application of -1•ese requirements leads in most cases to the rules of common sense applied to date
for failures, but it enables the level of safety to be evaluated and controlled =ore accurately, particu-
larly because of the Increasing complexity of control systems.

This evaluation (See Pl. 11) Is based on automatic precessing of all the aircraft system safety and

reliability a .A computer prograe classifies all the states corresponding to the various failure
conditions according to probability levels. The "ares to be evaluated on the simulator, and if required
in flight are chosen after examining this classification.

As far as automatic correctors in particular are concerned our objective has been that in the absence
of correctors, control of the aircraft is sufficiently safe to avoid jeopardizing the aircraft safety di-
rectly. This has indeed been acheived but leads for example to C.G. limitations which are nevertheless
compatible with satisfactory commercial operation of the aircraft. It would probably be possible to impro-
ve the operational economy of an aircraft by not observing this rule, if there is a suficlent redundancy
of systems. All indications lead us to believe that this step will be taken in future generations of
transport aircraft

5. - CONCLUSION -

Examination of a few concrete examples has enabled us to measure the close interztpndency which exists
between flight qualities and flying control systems. We are convinced that flight qualities and control
systems should be studied in close association. CONCORDE is an example of this the flighL. qualities of
this supersonic aircraft which the pilots consider to be at least equal to, if not better than those of
the best subsonic transport aircraft, are in part the result of the optimization of its control systems.
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LEAD DISCUSSIOI

by
Vi. Sobotta

VFV-FYkker GmbH
EBromn Germany

The first flight of the Concorde was not only an historical date in aviation because this airplane was the
first civil -4T, this date is also remarkable because wtth the Concord& the first true fly-by-wire system
was flying in an operational civil transport aircraft. From y own experience I know how difficult it is
to introduce fly-by-wire systems in aircraft projects. Therefore my congratulations go to the English and
French control system engineers for thin success.

Now to the discussion of the paper by Nr. Deque. Unfortuna;ely I have no experieuce with the handline
oualities of large transport aircraft like the Concorde. Therefore, I was very surprised about the results.
Kr. Sliff mentioned already in hir paper earlier at this Neet:ng that for large and high-inertia airplanes
the existing criteria are not in any case usable. He gave the example of the short period mode at -11
values of na., where the required tendencies are just reversed to the tendencies given in KIL-F-8785 ever
the Mach nuer range. Compared with the criterion in MIL-F-87L5 the curve is well within the Level 1
region. But reducing the stick force per g gradient at high Vac: numbers to 10 dax/g gave, in certain
cases, PIO's. In Mfl-F-8785 this point is located in the Level 3 region, but rather near to the Level 2
boundary, so that it can be assumed that other parameters like stick deflection gradient, short period
oscillation characteristics, control wheel dynamics, distance betwecm the pilot'& station and the c.g., etc.,
would be the reason for these PlOts. A2l these parameters have to b- taken into account in fixing the
stick force per g by an optimization process. Considering the optimization process, it should be investi-
gated whether the boundaries of the MIL-F-8785 criterion on stick force per g under certain circumstances
can be changed, especially if simplifications of the ccntrol system can be attained.

A hopeful start to combining several parameters in an optimisation process was made in the last few years
with the C* criterion which combined the angular rate, angular acceleration and the load factor in one
optimization criterion. I am very surprised that nobody has mentioned this *riterion at this Meeting. We
found it very usaeul in the development of the AFCS for the VTOL aircraft VAr 191 B and the European
project HGtCA.

A very important problem with fly-by-wire systems having mechanical back-up is the change-over from the
electrical to the mecanical system in case of a total failure in the electrical aytem. There are two
effects following the change-over:

1. A transient which occurs due to the disparity between the electrical and the mechanical
systems. The disparity consists of several components which are determined by the
different relations between stick and surface deflections in the electrical and the j -

mechanical systems, the portion of the SAS signal in case of a non-statiorary flight
condition, the run-away portion uitil the failed system is switched off, etc. The
transient effect can be expressed either as a difference of load factorAn(g, or as
an altitude change.

2. A change in the handling aualities due to changed stick dynamics and the loeli of
SAS operation.

In the length of Mr. Deque's paper it surely is not possible to present a quantitative analysis of these
phenomena. But I want to express ay feeling that it will be very helpful for the realisation of fly-by-
wire systems in other aircraft to learn about what has been gained in flight tests with the Concorde in
the near future. We look forward to yoar next paper, Mr. Deque.

.7 2
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OPEN DISCUSSION

W. Bihrle, Grumman, USA

The reference to the FAA comment that 8785B did not predict what was required during tCe landing
*task fu. qn aircraft that had high inertia or low static margin - that is not quite so, and I would

like to correct this statement. It isn't really the damping ratio, as mentioned, that iz the problem.
It just happens that as the c.g. goes aft, the airplane becomes very highly damped but this is not the
problem. What the pilot is really complaining about is that when you have a neutrally stable airplane,
you've got a low frequency and you don't get the required angular acceleration cue for performing
precision control tasks. Specifying an wnsp/NZ value takes care of this problem as Don Berry v.11
verify from NASA FRC experience. Those interested should read AFFDL-TR-65-198 and AIAA 069-894 preprint.

I would also like to emphasize the point that Mr. Chalk made after the previous paper regarding
being careful in designing adaptive autopilo: systems.

R.J. Woodcock, AFFDL, USA

I was hoping that the subject of c* would not come up. I have felt for some time the c* has no
place being mentioned in a meeting dealing with handling qualities. We have found that c* does not
always correlate too well. We don't think that 8785B is necessarily the best way to go, but I don't
think c* is it. In two specific instances we have found that c* does not correlate with pilot rating oropinion: See AFFDL TR 67-120 by McCormick and Koepke of Northrop and AFFDL TR 70-74 (2 vols.) byNeal and Smith of Cornell Aero Lab.

Prof. R. Bernotat, Germany

Have you donc. any investigation concerning not only stick deflection but also stick rate and
stick acceleration, respect";ely their weighting factors as a function of the changing aircraft
dynamics over whole flight envelope?

R. Deque, Aerospatiale, France

We have not been doing this type of research on the Concorde.

D.T. Berry, NASA/FTC, USA

I would like to add to the comments on time history envelope criteria, such as pitch rate
envelopes and c*. Results from the XB-70 program (and limited data from the YF-12) show poor correlation
with time history envelope criteria, particularly for supersonic cruise flight. The parameter W /2 IN
however, correlates very well with the data from these programs. We have also observed that pitch
rate time histories from two different cases could be very similar, and yet receive different pilot
ratings. These same cases, however, did have a significant difference in ?2 p/N. that did correlate
with :he pilot ratings. This implies that if time history criteria are to succeed, a response parameter
must be chosen that is a stronger cue to the pilot. Perhaps pitch acceleration, as Mr. Bihrle suggests
is implied in the w2 nSp/Nza parameter, is what is needed.

H.A. Hooij,NLR, Netherlands

Could Mr. Chalk please comment on all questions raised here regarding time history criteria?

C.R. Chalk, Cornell, USA

I agree with Mr. Woodcock. The time history envelope in particular c* is not adequate to do
the job. We have examples which refute the use of c* as a criteria. It can be overly restrictive as
well as not screening out bad ones.

-4



PARAMETERS AFFECTING LATERAL-DIRECTIONAL I'

HANDLING QUALITIES AT LOW SPEEDS

by

K-H. Doetsch, Jr.
National Aeronautical Establishment

National Research Council of Canada, Ottawa KIP OR6, Canada

SUMMARY

A study is undertaken of the factors affecting the lateral-directional handling
qualities of aircraft in typical VMC STOL flight manoeuvres as certain modal parameters
are varied. It is found that for the low flight-speed and the low dutch roll frequencies
investigated, the aide force equation takes on added significance in establishing the
6scillatory mode through the vector contribution of the weight component acting along the
y-axis. When this contribution is large, secondary effects on handling qualities can
arise if the relationship between the yaw rate and sideslip vectors in the oscillatory
mode is established solely by varying the derivatives of the voment equations because,
under these circumstances, unusual groups of derivatives may be necessary to satisfy the
imposed constraints. Similar deviations from normal values for the moment derivatives
may be required to force the zeros from the poles in the bank angle to aileron-control
transfer function whilst simultaneously maintaining the correct vector relationships in
the oscillatory mode. The secondary effects on handling qualities arising from these
two sources of unconventional sets of derivatives may be of greater significance than the
primary effects associated with changes in the modal parameters and, when this occurs,
handling qualities criteria based on the modal parameters alone must be established with
considerable caution.

SOMNAIRE

On commence a 6tudier les facteurs affectant les qualit~s de manoeuvre, en roulis,
en lacet at en d6rapage, d'avions ADAC pilot~s h vue ,ors d'6volutions types de ces
appareils et comportant des variations de certains paramýtres modaux. On a trouv6 qu'aux
faibles vitesses et aux faibles fr~quences du roulis hollandais, qui ont 6t6 6tudi~es,
l'quation des forces de d6rapage devient plus importante pour d~terminer le mode
oscillatoire par la contribution vectorielle de la c6mposante du poids suivant l'axe y.
Lorsque cette contribution est grande, des effets sccondaires sur P.s qualit~s de
manoeuvre peuvent apparaltre si la relation, entre les iecteurs de d~rapage et de vitesse
de rotation en lacet dans le mode oscillatoire, est 6tablie uniquement en faisant varier
les d6riv6es des 6quations des moments ca', dans ces circonstances, des groupes inhabituels
de d6riv6es peuvent 6tre n~cessaires pour satisfaire les contraintes impos6es. Des
deviations semblables des valeurs normales pour les d6riv6es des moments peuvent atre
n6cessaires pour chasser les z6ros des p6.1s dans la fonction de transfert, permettant de
contr6ler l'angle de rotation en roulis i l'alde des ailerons, tout en gardant simultan6-
ment la relation vectorielle correcte dans le mode oscillant. Les effets secondalres,
sur les qualitis de manoeuvre, ayant leur origine dans ces deux sources de groupes
inhabituels de d~riv~es peuvent Asre plus importants que les effets nrimaires !lis aux
changements des pararzetres modaux et, lorsque c'est le cas, les criteres des qualit6s de
manoeuvre bases uniquemant sur les param~tres modaux doivent 6tre 6tablis avec une
attention toute particuli~re.

SYMBOLS

g Acceleration due to gravity, ft/sec 2

L Rolling acceleration per unit subscript, rad/sec 2 /unit subscript
N Yawing acceleration per unit subscript, rad/sec 2 /unit subscript
p Rate of roll, rad/sec. Positive starboard wing down
r Rate of yaw, rad/sec. Positive nose to starboard
S Laplace operator
U Linear steady-state velocity along x-axis, ft/sec
v Lateral component of velocity, ft/sec, positive to starboard
Y L~teral acceleration per unit subscript, ft/sec 2 /unit subscript
y Distance in direction of lateral axis normalised by I wavelength of oscillatory

mode

B Angle of sideslip, rad
a Pilot's roll control deflection, in., positive for positive olling moment

6r Pilot's yar control deflection, in., positive for positive yawing moment

Damping ratio

AR Roll subsidence root of the lateral-directional characteristic equation, rad/sec

AS Spiral root of the lateral-directional characteristic equation, rad/sec

a Root mean square value
" *€ Roll angle, rad

Heading angle perturbation, rad
W Undamped natural frequency of a second-order mode specified by a subscript

-. ..



SUBSCRIPTS
ac Calculated (see Fig. 2)

cw Crosswindd Dutch Roll

9 Gust
p Roll rate
r Yaw rate
S Spiral
R Roll subsidence
y In direction of lateral axis
* Roll transfer function

1.0 INTRODUCTION

Owing to our lack of understanding of the exact form of the multiple loops involved

in controlling aircraft in flight, a need for experimental data arises whenever attempts
are made to establish criteria for handling qualities. It was to provide data of this
nature that the Flight Research Section of the National Research Council of Canada, in
conjunction with and under contract to Cornell Aeronautical Laboratory, Inc., USA and the
United States Air force, embarked on a programme to investigate the lateral-directJonal
handling qualities of aircraft during typical STOL manoeuvres in visual meteorological
conditions (VMC). (Ref. 1).

The simulator used in the investigation (Fig. 1) possesses four degrees of freedom

that may be independently controlled, namely the rotational degrees of freedom about the
principal axes and the translational degree of freedom along the z-axis. No means exists I
of independently varying the translational modes along the x or y-axes. The desired
motion in the lateral-directional planes is obtained by appropriately controlling the
rotational degrees of freedom whilst taking due account of the open-loop side force
characteristics arising both from the generation of the moments and from the inertial
and aerodynamic side force characteristics of the basic simulator.

A survey of the current literature at the outset of the investigation indicated that
a logical framework for a programme would be one defined by specific modal parameters
associated with the aircraft transfer functions. Previous work had shown that parameters
of significance to the pilot in -cntrolling aircraft at higher speeds than that to beinvestigated and Vith dutch roll natural frequencies in excess of I rad/sec were AR, AS,

dsd Cd' O, C0, 181 d' U and control characteristics.

Although it has long been recognised that the effects of these parameters are
irterdependent, certain primary characteristics are nozrally associated with each of
them, namely:

AR - a measure of the damping in roll which gives an indication both of the piloting
technique required to control bank angle with aileron and of the ease with which
this control may be achieved.

High AR corresponds to a rate-type of aileron controi whilst low AR corre-
sponds to an acceleration-type of aileron control over bank angle.

AS - a measure of the spiral stability of the aircraft

d2 4d -a measure of the open-loop oscillatory mode of the lateral-directional dynamics
WV 4- a measure of the extent of the excitation of the oscillatory mode when aileron

is applied

1 -01d a measure of the relative magnitude of the moduli of 0 and 8 in the undamped
open-loop oscillatory mode.

Control characteristics - the control sensitivity and the maximum control power available
are of importance to the pilot both for manoeuvring and for the suppression of
external disturbances. The harmony of the effects of the controls over their
respective degrees of freedom is also of significance to the pilot.

In the current work it was decided to place the major emphasis on an investigation
into the effects of the oscillatory mode on flight characteristics. The roll subsidence
mode was thus fixed at AR = -4 rad/sec, the spiral root at AS = 0 corresponding to
neutral static stability, the maximum roll and yaw control powers at 1.2 and 2.25 rad/sec2

respectively and the two corresponding control sensitivities at 0.4 and 0.75 radisec 2/in.
The above are levels for these parameters likely to arise in V/STOL aircraft and it was
hoped that they wou~d not lead to secondary detrimental characteristics that would
dominate the handling qualities of any configuration.

It subsequently transpired that the control sensitivities and maximum powers
selected led, in general, to an aileron control with low to inadequate control power and
to a rudder control that was too sensitive.

"ApThe evaluation task involved VMC flight at 50 knots and included for each configura-
tion coordinated and uncoordinated turning nanoeuvres, a constant speed, 60 glide-path
approach with a simulated crosswind of 10 knots, and a sidestep manoeuvre into the
crosswind initiated at 200 ft A.G.L. which was to result, before touchdown, in a lateral
displacement f,,om the approach path of 300 ft and in a final aircraft heading identical
with the approach heading,
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Moderate artificial turbulence (og = 3.40) excited the aircraft dynamics throughout
the evaluations.

2.0 EQUATIONS OF MOTION
Rd aThe lateral-directional equations of motion simulated made use of conventional

derivatives and were:

Rolling Moment:
S(S-Lp)0 - Lrr - L a L a 6a + L 0 0 g + L 8cw (1)

Yawing Moment:

-NpSo + (S-Nr)r - N 6a 6 a+ N6rr + No g + N cw (2)

Side Force:
-(g+Y S)o + (U-Y )r + (US-Y = 6a + 6r + Y + o (3)

p -r S-Y0) Y 6r 9B +g Yecw 8cw
The rolling moment and yawing moment derivatives could be varied at will, whereas the
side force derivatives were those inherent in the basic simulator and in the generation
of the appropriate moments.

The derivatives changed to obtain the seven desired modal parameters were:
Lp ,r L L Np Nr No, N6a

and the modal parameterr chosen to classify the configurations can be obtained from the
bank angle to aileron control transfer function, namely,

K(S2 +2ý W S+W 2)

S) (5-A S)(S-A R )A+2 d Wd S+W d2)

where, for this programme,

U = 84.5 ft/sec

= 0 rad/sec
A = -4j rad/sec

-' R
f~d = 0.2, 0.75', 1.5

Wd = 1.0 , 0.5 , 0.25 rad/sec
= 0.3 , 0.2 , 0.1 , 0 , -0.1 , -0.2 , -0.3 , -0.4

S0 and 4 were assigned various values

In-flight responseE of the aircraft to simultaneous aileron, rudder And gust inputs
are compared in Fig. 2 with the desired responses subsequently calculated from the
appropriate equations of motion for the same inputs. The close correspondence between
the desired and actual responses is typical of that obtained throughout the investigation.

3.0 RESULTS

The pilots' comments on the lateral-directional handling characteristics encountered
indicated that the prime causes of difficulty associated with the different configurations
were varied, ranging from inadequate stiffness and/or damping associated with the lateral-
directional oscillatory mode, excessive undesired respc.-se to control inputs, excessive
response to turbulence and crosswind, apparent static instabilities, inadequate aileron
control power and an over-sensitive rudder control.

The extent of some of these detrimental characteristics associated with secondary
effects was greater than anticipated and the reason for th.is must be found in the group-
ings of the modal parameters chosen.

3.1.0 Influence of modal parameters in establishing the required derivatives

Conventional open-loop oscillatory modes are established primarily by the yaw rate
and sideslip vectors, the latter providing stiffness to the mode through the
coupling vector component N8 .0 in the yawing moment equation, while the damping is pro-
vided by the vector component Nr-r. The yaw rate and sideslip perturbations cause
perturbations in roll but the latter normally only provide weak feedback to the oscil-
latory mode.

The roll subsidence mode is to a large extent established by the value of LP and, in
order to satisfy the oscillatory mode constraints in the rolling moment equation, a large
vector component Lj-B is required virtually in antiphase to the Lpop vector component.
This relationship Is insensitive to quite large variations in the yawing moment deriva-
tives unless AR is reduced to the same order of magnitude as wA - a indition that did
not prevail in the present investigation. (Refer to the Appendix for details.)

The spiral mode is established simply by whether

Nr Lr
'k Le'-- A
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and, within the limits for AS normally consilered as acceptable, this relationship places
a strong restraint on the relative values of these derivatives. The actual value of the
above ratios is established by the location , f the zeros of the i-(S) transfer function

and the side force derivatives. AFor XS= 0

3.1.1 Effect of L, IdoN i

The key equation in establishing the values of the yawing moment derivatives required
to satisfy the modal constraints proves to be the side force equation. Conventionally,
the sideslip generated in the oscillators mode may be obtained to a good approximation
by writing this equation as

8= -r , (6)
the implicit assumption being that both the aerodynamic side forces generated and the
weight component acting along the y-axis have negligible influence on the mode in
ccmparison with that of the yaw rate term. The assumption may be confirmed a posteriori
if the displacements from the equilibrium fJIght path due to the oscillatory mode are
hegligible in comparison with the wavelengrl nf the mode.

Some of the configurations evaluated <. che current programme exhibited this

characteristic and the resulting oscillatory motion was, in the directional plane,

approximated well by i = -8. Howeu:4r, many other configurations were not adequatnl.
described by this simple approximation and, for these, the sideslip was better defined
cy the more complete side force equation in which the major external lateral forces are0
n.: longer neglected, namely,

8 r+ &+- (7)U U
For the modal constraint.ý of the investigation, it is shon'n in the Appendix that the
term, representing the -teral force arising from the weight component acting along
the y-axis, exerts an i-,. uence on the oscillac'ry sideslip that increases with the ratio

.-- 1. When thi- ",-io is wal.', the characteristic oscillatory motion is estab-

lished essentially by rw ' 'e and :,,deslip vector ccmponents in the yawing moment
equation and the usual ey' jxma*!.on t, = -1 is valid. However, as the -atio is

increased, the sideslip ! i fecl"d ev,,r '.;•, by the )a1teral forces, and the above
approximation for the vec'..r rejauic- '!hp " ,tween 1P and 8 in the oscillatory mode may
become completely invalid. rhe changA,. .'are of this ve•cor relationship can resuilt in
the primary effects of many of the a 7 °namic derivatives on the mode being altered. A
further factor, which gains prominent.. vnen the characteristic frequency is low, arises
from the relative magnitude;: of accelerations, rates and dispJ~a-ements. in the oscillatory
mode, given by

y y = WS: : Y = : : 1(8
Thus, when the characteristic !:..querc, is decreased to values below 1 rad/se., the
increasing influence of the lateral forces is made apparent through large lateral
displacements from the equilibrium fl!7ht path.

Examples of the shift in amplitude and phase of ip relative to 8, with in.reasing

l- t ,• d may be seen in Fig. 3a. A measure of the influence of this shift is given by

the vector of the lateral displacement of the aircraft's centre of gravity normalised byS~a quarter wavelength of the oscillation.

The large changes required in the vector ratio BId to satisfy the modal constraints
are due to the fact that p a'd S, because of the relative magnitudes of AR and wd, remain
essentially in ntiphase for quite large variations in yawing moment derivatives. This
means that the r term provides predominantly a stiffness term to the oscillatory mode in
sideslip. If the vector component (Y *p+Y. 8')/U does not provide the correct damping for
this mode there is a requirement that the remaining damping as well as the remaining
stiffness be provides by the yaw rate term (Fig. 3b). Thus, particularly for those cases
where §o provides considerable stiffness, large changes in the vector r may be demanded.
In order to achieve these changes it becomes necessary to adjust the values of Np, Nr and
N8 appropriately, and it is the secondary effects of these adjustments on the various
transfer functions defining the aircraft motion that become of greater significance in
the resulting handling qualities than the direct effect of altering the ~articular nodal
parameter under consideration. The influence of the magnitude of u- wd on the deriva-
tives required to satisfy the oscillatory constraints may be seen from Pigs. 3b, c and d.
The shaded portion corresponds to the basic oscillatory mode in sideslip, yaw and roll
respectively, and, whenever large vector components are required approximately in anti-
phase to close the vector polygon around this portion, secondary effects of significance
to the handling qualities of the configuration result.

Such influences are well illustrated in Fig. 4. Forl ld= 0.2, as • •l~'d is

increased from 0.076 to 0.304 through changes in wd, one observes that Increasing the
damping ratio may in fact cause deterioration in handling qualities. The oscillatory
motion following disturbances was quite apparent to the pilot for the group of configura-
tions with wd = Wo = 1 rad/sec, and the fact that increasing the damping ratio improved
handling qualities wan reflected in the pilots' ratings. In contrast, for those configura-
tiona; with wd = w = 0.25 rad/sec and CO = Cd, the secondary effects of the yawing moment
derivatives required to satisfy the modal parameters result in the generation of large
sideslip angles proportional to the bank angles commanded by aileron control (e.g.

i16a 0.625 for 4d 0.3) as the damping ratio is increased and this effect more than
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offsets the improvements afforded by the increased damping of the oscillatory mode.

For this latter group of configurations the optimum rating occurs when the r and 0
(or . and p) vectors are In antiphase (4 = 0.09) and, simultaneously with this condition,
cne obtains both minimum sideslip generaged by aileron and minimum sideslip due to Og
because of the small values of N6a and NS required to satisfy the modal parameters.
This cornfiguration could be called the basic configuration for w w 0.25 rad/sec,
4 = 41, 'I'd = 0.2 and for the values of AR,-AS, a and sideforce derivativds of the
investigat on. The ope..-loop oscillatory motion corresponds to a pendulous motion about
the equilibrium flight path with aircraft heading changes that are smaller than sideslip-
angle variations, whilst the bank angle and displacement from the equilibrium flight path
remain in antiphase.

3.1.2 Effect of moving zeros of -L(S) from complex poles

In the limit t~J d0, the zeros must coincide with the poles. Thus, for those
cases where both and 111d are small, movements of the zeros from the poles can
only be achieved .byl changes in the yawing moment derivatives from their normal
values. Minimum osc.---tory excitation with aileron occurs when Np and N-a are related
approximately by ca

L6_a L P - U 9

6a pand the secondary effects of large Ne, No and the correspondlrg N6a cause greater concern

to the pilot than would be expected if these de;-,vatlves coula have been kent at more
normal levels.

As E'Itl increases, however, it becomes possibie to find configurations which areU d

improved by moving the zeros from the poles because the z:,anges In derivatives required
by this movement counteract the requirements of increasing U'-T'd •j . The improvement in
the secondary characteristics can,in this case, more than compensage for the deterioration
caused by the primary effect of exciting the oscillatory mode .Yith aileron, particularly
for the lower values of wd where th", pilot has greater lead time available to control thei oscillation.

3.1.3 Effect of increasing 11id

The effect of increasing 111d was only investigated for those cases in which w- wd,
4= d and, as a result, the MI;! d effect on the yawing moment derivatives was such

as to cause an even more rapid de e icration in handling qualities wtth increasing ila
than was expected, particularly at the higher natural frequencies and damping ratios,
:4here the pilot did not in general have sufficient aileron control power available to
counter the large rolling moments generated by disturbances in yaw and sideslip.

It is possible that some improvement may be afforded to these configurations by
moving the zeros from the poles i,. the A(S; transfer funct~on, thereby reducing the
magnitude of somc. of the derivatives associated with the generation of large sideslip and
y.-w 6isturbance in particular, N6a, Np amnd I.

3.1.4 Effect of AR, AS constraints

!a) AR It may be felt that the open loop aperiodic constraints that were applied
could hav•-lnad a significant effect on the results. A study of approximations, valid for
the present conditions, for the values of derivatives required to satisfy the various
constraints indicates that the different transfer functions are not affected significantly
by AR unless the latter is reduced to tne same order of magnitude as wd- For the presentconditions this would lead to an anceleration-type of aileron control which is to beavoided because of the resulting imprecise h.ank-angle control available to the pilot.

It is possible to shift the optimum configurations to those with slightly different
parameters by decreasing AR, but the general pattern, although distorted, remains much
the same. To be specific, those caset in which 4ý = 4d and w_ = cd may be improved by
decreasing AR if the required N6a is negative, because the ensuing reduction in (N - §)
requires a smaller N6a which, in turn, results in less aileron Induced sideslip foý a
given bank angle. The effect is most pronounced at high values of d

(b) AS Movement of the spiral root within the limits normally considered accept-
abio does-not in general nave a significant effect, although once again it can cause a
shift in the optimum configurations, particularly at the lowest frequency.

"3.1.5 Effect of side force derivatives

The values of the fi e force derivatives can act as a constraint at xhe lower fre-
quencles with large ,--M& because of the large phase shifts in d needed to satisfy
the side force equation in he oscillatory mode as the 0 term increases in significance.
If the side force derivatives could be varied to minimise this requirement, the secondary
effects due to unnaturally large yawing moment derivatives would be reduced.
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3.2.0 Primary effects of modal paramaters on handling qualities

Having discussed at some length the secondary effects on handling qualities caused
by the above constraints the primary effects will now be summarised.

ti

3.2.1 Effect of frequency and damping ratio

(a) LowItId. At wd = 1.0 rad/sec,the oscillatory characteristics were apparent- to
the pilot asosUi~W and his ratings of the configurations improved with increases in
damping ratio.

As the frequency was decreased, however, the period became so long that the only I
open loop characteristics of the oscillation observed by the pilot were the initial

responses to various inputs. These responses would in general result in such large
angular or lateral displacements that the pilot often felt that he was being required tocontrol a static divergence. Tris factor was made worse by the fact that for the low

stiffnesses associated with low frequencies, the rudder control, rather than being an
angular displacement control for B became a rate control during the time scales of
interest. This meant that the rudder had to be pulsed to correct sidesl. excursions and
any residual out-of-trim on rudder resulted in rapid increases in sideslip. The smaller
the requirement for using rudder, the better the pilots liked the configuration and, for
this reason, optimum ratings were obtained whenever NS N, and N8 were sma This
secondary factor was of greater significance than whether he zeros of the ) transfer
function coincided with the poles or whether the damping ratio was increased

The general characteristic of these low frequency configurations was thus one of the
low stiffness in 0, B, and * which required constant attention. The undesired responses
to any corrective movements of the controls aggravated the problem.

SAs the zeros of the Z(S) transfer function were moved from the poles the secondary
effects due to the large changes required in yawing moment derivatives proved to have a
greater influence on handling qualities than effects that can be attributed primarily to

the relative location of the zeros to the poles. Indeed the crossceupling derivatives
could be so large that it was possible to initiate sustained PlO's when attempts were
made to follow a track with aileron alone, even when dealing with these low character-
istic frequencies (Fig. 5).

S3.2.2 Effect of increasing ItId

SOne of the major effects of increasing ItId was the primary one due to increases in

LS in the rolling moment equation. This caused problems associated with the maximum
aileron control power and, in general, the large rolling disturbancev caused by the
crosscoupling inputs from the yawing moment and side force e ations dominated handling
qualities. The effects originating from high values of ijI described earlier,
aggravated the situation, mainly through the large changes n tKhe BId relationship re-
quired to satisfy the oscillatory mode constraints. As frequency was reduced for the
phigh Ioia ratios, the increasing time, associated with the longer periods, and the pro-
portiona~l greater roll control power available to counter the strong Lo effects
(L8 =RlIdwd) provided some relief to the situation.

S•.0 CONCLUDING REMARKS

During the course of Jnvestigating the principal effects of low frequency dutch roll
modes at a low speed It was found that the open loop characteristics changed from the
conventional lateral directional oscillation in which it could be assumed that to a close
approximation -id = -1, to one in which the weight component along the y axis exerted
considerable influence on the s..dcslip generated in this mode. This results in the
necessity for the vector relationshtp between r and 8 to be changed ani, if this is th
accomplished by changes in the moment derivatives, secondary effects are imposed on the
handling qualities which are often of greater significance than the primary effect being
investigated. When this occurs, the group of derivatives required to obtain the chosen
modal parameters is unnatural when referred to the desired dutch roll mode and handling-
qualities criteria based on the results obtained with these derivatives can be misleading.

goIt is found that vector polygons representing each of the degrees of freedom provide
good indicaturs of when secondary effects can be expected to exert considerable influence

* on the handling qua'ities of the configurations because of their ability to provide suit-
able scaling for the various components of the characteristic mode. They do not, however,
provide direct information about the time scales involved nor about the effects of
numerators on the mode and these must ultimately be obtained from consideration of the
appropriate transfer functions.

5.0 REFERENCE

1. K-H. Doetsch, Jr., D.G. Gould, D.M. McGregor, "A Flight Investigation of Lateral-
Directional Handling Qualities fGr V/STOL Aircraft in Low Speed Manoeuvring Flight",
NRC, NAE LTR-FR-12, 1969 (Also published as AFFDL-TR-69-41 and NRC, NAE Aero Report
LR-549, 1971).



16-7

SU'

FIG I AIRBORNE V/ST OL SIMULATOR

S-CI- . ... . i .I EUOX

SEC V w '
+01- .r . ..

'ROL R`ATE. P

-,W 02 4A -4SMA 1

. . . . .. . . . . FrIOPTER!I

... A

401-

IAv
WITH02 GRS XETD RMGON SMLTO ODELNo SAILHM fi+t+0,RE

402- A A



16-8

Ca8 = I.0 7/s 
w6 :0.25 r/.s

'Iy 13

o id I. Wr/s d =:0 .2 5 r/s

(&II! I3d= 1.5

Xr =- 4r/s
Xs = 0 y

FiG 30 VECTOR RELATIONSHIP IN OPEN LOOP OSCILLATORY MODE-

EFFECT OF Ld 8I•ld

YaB3Yl/

u•d 1.0 r/, ...... Yr c° 0. 025 r/s

=00.2

ypP

:. go

go g

=tdd

)XS 0- r/ (U-Y-r 118
Xrs4r0 (U(U-Yrr

FG 3b SIDEFORCE VECTOR COMPONENTS IN OPEN LOOP OSCiLLATORY MODE -

EFC 5OF 8..-.



cod =L.Orls wd 0-.25r/$ 56-s

N NpP

Wd EFCO0dr/s 4,

-i. "s W-i:j.

r .Nr is
r F

.. :.:. =P =Cd=0.2

Cad is . X i4s/

SFIG 3c YAW'ING MOMENT VECTOR COMPONENTS IN OPEN LOOP OSCILLATORY MODE-

Id 1.0 ras id =0.25!is

L a o• L ,0 0

I~d-.

-LpP

Lp/3p

•L f'•
4_d 1__.0 r/s___,•,z °1.5 wo =o.251-,s

Lr r

Lp/pP
w qr W L-4 rr

OL

FIG 3d ROLLING MOMENT VECTOR COMPONENTS IN OPEN LOOP OSCILLATORY MODE-

EFFECT OF Wd 81

1±01d*..



16-10

FIGP R FETO AMPING RATI ONPATINGATNG

FOR TWOC# DIFEEN CHRCERSI FR-UNCE (REF I

FIG~~~~~~~~~A RAE EFETOrAPNHAIOO IOS AIG

15g5

TIME SECO6

USIN ONLY AILEON CNTRO

-. .- 2 < Z A C ' - -.0-~- - - --, , -- - -- - - -- -



!6-l

Appendix

The relationship between the 4 and B vectors and its effect on the
oscillatory mode through the weight component acting along the y-axis

For configurations with conventional modal characteristics and with A close to
zero, the relationship between 4 and 0 obtained from the equations of motion may be
approximated as:

LBS
S(S)= + 2 A.1-N S + A R2

The phase relationship between 4 and 0 in the oscillatory mode is thus established to a
large extent by the location of the complex roots relative to the root of Eq. A.1, i.e.,

by the magnitude of the ratio 1. Aircraft possessing high Dutch roll frequencies,

high rolling inertias and/or low roll damping are characterised by =- < 1. i the

limit Arp - 0 one may write Eq. A.1 asNB

A.2
PId 0

It is seen that for this case, positive dihedral and weathercock stability cause 4 and B

to be in phase in the oscillatory mode. At the other extreme, namely that of NB >> 1,NO
one finds aircraft characterised by low natural frequencies, low rolling inertias and/or I

high roll damping. In the limiting case of 4d one may write:
No

A-- A.3

and it is seen that at the characteristic frequency, 4 laads 0 by (900 +ei where
Sd = tan- 4d"

The configurations of this investigation were of the type well approximated by Eq.
A.3 and, as a result, the p and B vectors in the oscillatory mode remained essentially
in antiphase for a wide range of derivatives.

IThe influence of the constraint imposed in Eq. A.3 on the overall oscillatory mode
becomes apparent from a stud%" of the side force equation which may be approximated as:

-- r + &-+ -. S A.4

The relationship between the vectors 0, r, B and B does not change for a given open-
loop oscillatory mode and when the terms in Eq. A.4 are rewritten relative to the A vector
for this mode, one obtains:

Y 1

Id cos(/_ + °s( Id +- cos(-(90+c A-5
311d B4d' Zd''ld 'o(0d 5

The constrrint imposed In Eq. A.3 is such that:

cos(/l_ - (10+6d A.6
Z6d

From Eqc. A.5 and A.6 it may be seen that the importance of the weight component acting
along the y-axIs In establishing the oscillatory mode in sideslip increases

with the ratio, ft 1 k : 1, and that the main contribution of this term is to theU•*rd i
stiffness of the mode.

i
I
!
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LEAD DISCUSSION

by
Robert J. Woodcock

Air Force FlIght Dynamics laboratory
Wright-Patzerson Air Force Base, Ohio 45433

USA

S~It turns out that we spons•,red the work upon which Doetsch based this paper, with Cornell Aeronauti-

Scal Laboratory as intermediary. In this circumstance I could either maintain that we'vi already accepted
the research so it must be goo,•, or cry gee, no- he tells ua there's something the matter with it. These
approaches ate inappropriate, so I'll try to avoid both of them.

The flight program, reported in AFFDL TR-e9-41 by Doetsch, Gould and McGre3or, was quite helpful in
drafting the MIL-F-83300 requirements for lateral-lirectional dynamics. In drafting these criteria CAL
relied heavily upon the NRC dilta to fill in at low sp,, ,, tying in other results of investigations at
higher speeds. We feel there is appli cation to conven. -onal airplanes too.

The NRC data were directly responsible for adding a requirement on IAO/l0xi4/0Id to supplement therol _-sideslip coupling requirements on Posc/Pav and ]m/l.Sideslip oscillations had been thought
to be critical only at low jC Id, but they were found to be the determining factor also in some cases of

higher l•/•Id

It's important to distinguish between modal parameters and input-dependent parameters. Especially
with lateral-directional dynamics which have so many variables to be considered simultaneously, I some-
times tend to get confused. Parameters like 4d, wnd, /$I8 d and ip/Old or of the specification are
characteristic of the mode, however it. Is excited. Others lo depend ver- much on the input - its form
and cross-coupling; these include r w,, Poc/Payav and AD for example to describe the amount of Dutch
roll excited while attempting to ro;l. otnfusion can comleabecause large I0/81d is conducive to large
Dutch roll motion in response to rolling commands, but the relative amount still depends upon con'rol
cross-coupling, NSa/L~a. In root locus terms, the pole is modal and the zero input-dependent. Unless
the pole and zero are separated they will cancel each other.

NRC used a digital computer program to determine how to vary their helicopter's stability deriva' ives
in order to get specified combinations of j$/Sid, ;A•wd, • and wA while keeping the roll and spiral time
constants invariant. As it turned out, tV" vary 9['•/d they altered the derivatives La, Lr, No and Nr-
There are two possible prcblems with this approach. First, by iaryinr, so many derivatives at one time
one has no insight on the effects of individual derivatives. Then, with so many lateral-directional

paramerfe• that need to be considered together, holding this one grotp tightly may cause a bulge in some
o ther response parameter. The time-vector method is a good tool with which to Investigate these matters.

It might be quite helpful in trying to decipher pilot's comments.

The argument about the increased influence of the gravity vector as l$/I8d/wd increases is so con-
vincirg, though, that Doetsch seems to describe what it takes to .chieve these, co-rbinations of parameters -

then any unrealism may be because of the impracticality of achi,.ving certain parameter combinations as
indicated by the oddity of the derivatives necessary. But that the V/STOL flight regime abounds with
vehicles of unusual clpearance.

It is interestinig to see what others have made of the data of AFFDL TR-69-41. The requirements of
MIL-F-83300 have already been mentioned. The Background Information and User Guide for MIL-F-83300,
AFrDL TR-70-88 shown by Westbrook yesterday, discusses at some length to the effect that Dutch roll ex-
citation Ls a mininum when Nsa/L - (N.-g/Vo)Lp. In an August 1971 report by STI for Naval Air Systems
Command Stapleford, Mc~uer, eat alaset out to ýhow how to outsmart MIL-F-8785B - to find unacceprable air-

planes the specification would allow and also to find acceptable but unallowable configurations. Examin-
ing the same basic NRC data, they suggest that rather than sideslip, the requirements should be related to
headilg change. This, they feel, would relate more directly to the pilot's task and thus tend to correlate
th. data better. Np can be an important contributor to the relationship between the heading and sideslip
vectors. Thus it seems that both the CAL and STI analyses fit in with Doetsch's observation about the
importance of chmnges in the heading vector.

The present complicated requirements reflect the complicated picture we iave of roll-sideslip coup-
ling. Any attempt either to refine the requirements or to apply them to a specific case n-eds insight
from all possible sources. I thznk Dr. Doetsc.% for providing some of this.

~.N



16-13

OPEN DISCUSSION

I.L. Ashkenas, Systems Technology, Inc., USA

As Mr. Woodcock mentioned, we at STI have continued to look at heading control per se
rather than at possible secondary rrnponses. Our presently-favored concept is to identify the rudder
activity required to coordinate the turn. We do thi3 with two parameters, one characterizing the
rudder dynamic sequencing to a step aileron input; the other the rudder magnitude. The actual para-
meters used involve: for sequencing, the ratio of the domain first-order numerator and denominator
time constants in the aileron to rudder cross-feed dynamics (e.g., lag/lead) required to make sideslip
identically zero; for rudder magnitude, the ratio NS AL6 O. Using these coordinates, we have been
able to obtain consistent iso-opinion contours for stlected data from Princeton, CAL, NR#' and our
own recent moving simulator tests at NASA Ames. I should point out that the data use.! u:e in all

cases those where gust sensitivity and response (e.g., due to high Lpgo) was not an -IN i,, consistent
with the desire to characterize only the heading control problem.

Sqn Ldr D.C. Scouller, PAF/ETPS, UK

c Rnt rjinto the trace of the unstable snaking oscillation, were the rudders fixed or iree?

Free,

in that case, I feel that the experiment shouid also consider the control free ca:;e, since
control float can be significant at low speeds an! could be designed to be favorable.

K.H. Doetsch, NRC/NAE, Canada

The rudders were fixed. I would agree with you on the designing of float charac';eristics but it
would depend on the Particular task.

J. Buhrman, NLR, Netherlands

Have the vector diagrams (as shown in fig. 3) been derived from the tests with the variable
stability aircraft in flight?

K.H. Doetsch, NRC/NAE, Canada
No, they have been calculated for illustrative purposes.

x

-3

I
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PILOT VEHICLE ANALYSIS

R.J.A.W. Hosman
Delft University of Technology

Delft - The Netherlands

SUMMARY

In this paper an experiment is described In which measurements were per-
formed on human operators in single axis trackirg tasks.

The controlled element used was a simulaLed transport aircraft, the
angle of pitch was controlled by the huran operator. The forcing function was
a gust signal acting on the simulated aircraft. The aircraft was simulated at
three centre of gravity positions at which it was stable, neutral and unstable
respectively. During the test runs the human operators had to perform simul-
taneously an auditory additional task.

On the basis of the results obtained from this experiment a new sampled

data pilot model will be briefly discussed.

1. Introduction.

For several years the Department of Aeronautical Engineering of the Delft University of Technology
has been Investigating the behaviour of the human pilot in aircraft control tasks. The purpose of the pro-

gramme is to contribute to the research aimed at finding criteria for desirable handling qualities of air-
craft.

The research programme can be divided into two main parts:
1. Measuring the pilot's behaviour in representative control tasks to extend the quantitative

knowledge of the pilot's behaviour.

2. Development of a sampling mathematical pilot model having some novel features.

This paper describes In the first place a series of measurements which were performed on a single
axis tracking task. Special attention was given to the problem of making this task similar to the control

task of the pilot in an aircraft.
Some results of these tests are presented. Thereat-'er some details of the pilot model are discussed.

In order to describe the test the pilot's task car. x# divided very roughly iuto two main parts
1. Control, by which is meant In this conection the task of manipulating the cockpit controls.

2. Flight management, which is meant to conprise the various remaining tasks the pilot has to per-
form for a safe conduct of flight.

The first of these two parts presents to the pilot both a mental and a physical load, while the second
part presents to the pilot mainly a mental load. Both parts have to be performed simultaneously.

The mental load of the pilot can be described in terms of information processing as has been done e.g.
in Refs. 1 and 2. A highly simplified schematic Indication of the information processing per~orsed byv the
pilot is given in Fig. 1. The pilot model described in Section 5 of this paper is partly based on this

concept.
A central question in this ,-ontext is whether the human nervous system can deal with more than one

source of information at the same lime. In Refs. 3 and 4 reviews have been given of research results on
this mattei. From these reviews it can be concluded that the human nervous system acts mainly as a single
channel processor. This holds particularly for the decision element indicated in Fig. 1.

Accepting this fact leads to the conclusion that the pilot, when controlling an aircraft, has to de-
vote his attention sequentially to the different parts of his task. In order to study the effect of this

attentior sharing in the experiments described In this paper an additional task presenting as nearly as

possible a pure mental load was given to the subjects when performing the single axis tracking task.
The controlled element in the tests waz. a simulated transport aircraft. The aircraft's angle of pitch

0 was presented to the subject through an artificial horizon Indicator. 0 was controlled by changing the
stick position se of a side-arm controller. To study the behaviour of the human operator the angles 0 and

s were recorded.
To obtair data about the human operator's behavJour in tracking tasks with different mental load levels,

the characteristics of the controlled element as rell as those of tha additional task were varied during
the experiments.

The mental load imposed on the pilot when controlling the aircraft in the tracking task strongly de-
peuds on the stability characteristics of the aircraft. Taerefore, the aircraft was simulated at three

different centre of gravity positions. The aircraft at these t~,iee c.g. positions was stable, neutral and
unstable respectively.

The additional mnntal task was an auditory binary choice tusk.
Details of this task will be given in Section 2.

In Section 2 of this paper the experiments are described. The data analysis it discussed in Section 3.

In Section 4 thp results obtained so far will be given. Finally, in Section 5, a discussion o! the new
pilot model will be given and some conclusions will be drawn.

2. Experiuental setup.

A diagram of the closed loop iu which the subjects performed the tracking task is presented in Fig. 2.
The simulated aircraft used as the controlled element was a piston engined transport aircraft In the cruise
configuration. Data of the aircraft at the three c.g. positions are given In Table 1.

The forcing function used consisted of two simultaneously acting gust signals. These gust signals
were obtained by filtering white noise from a digital noise generator with two separate fliterr : one for

the horizontal component of the gust velocity u. and one for the vertical component w.g In Table 2 the

transfer functions of the gust filters are given.



The two gust sigmals, derived from a single noise generator, were correlated. Since, however, 0 was
the only variable presented to the subject the correlation should not influence the test results. Because
a digital noise generator was used, the identical gust signal was obtained during every test run. The test
run each lasted 254 seconds. The test subjects stated that they were not able to memorize any part or
sequence of the forcing function even after many practice runs.

The gust signals as a forcing function differ somewhat from the widely used 8.T.I. forcing function
as described e.g. in Ref. 5. The litter forcing function consists of the sun of ten sine waves with fixed
amplitudes and random phases. The spectrum of the angle of pitch due to the gust signals 0, shown In Fig.3,
is continuous rathjr than descrete like the spectrum of the S.T.I. forcing function. The gust spectra do
not have the high Zraquea.vy shelf which is a feature of the 3.T.I. fo.:*lng function.

The angle of pitch 0 was presented to the subjects by a servo-driven artificial horizon indicator.
A change in 0 of one degreg gave a displszement of the horizon datualine relative to the fixed image of

0.9 mm. The measured transierfunction of this instrument has been given in Fig.4.

The manipulator used for the experiments was a side-arm controller mounted on the righthant armreSt
of the subject's chair, see FiC.5. Some •.•trcteristics of the controller are given in FiA.6.
A side-arm controller was used instead of a conventional control-wheel to obtain results which were
comparable in this respect with the results of other tracking experiments e.g. described in Refs.5 and (.

In addition, by using the side-arm controller the subject's left hand was completely available for
answering thl additional task.

The position of the subject relative to the artifi.•ial horizon and side-arm controller Is given In

Fig.7.
The additional task used in the tests was an auditory binary choice task. In this task hith and low

tones are prevented in random order to the subject via his headset. The subject has to answer the tones

by correctly pushing either of two buttons. The latter were mounted on the lefthand armrest of the subject's

chair. Since the subjects used their right hand to control the angle of pitch 0 and their left hand to

answer the additional task, interaction between the two tasks was eleminat*d as much as possible.

The number of tones per minute presented to the subjects was adjustable. The number was chosen as i

percentage of the axmum which the subject was individually able to answer making not more than one error

per minute. M•xima between 75 Snd 100 tones per minute wore obtainld depending on the subject. During the
experiments O /o, 409/o and s0 /0 of the maximum number were presented to the subjects.

The auditory binary choice task and the use of this task as an additional task in experiments was

derived from Ref. 4. In Ref. 2 an experiment Is described in which the same binary choice task was used.
Three subjects were available for the experiments. They were pilots with experience in general avia-

tion aircraft varying between 700 and 00 hour$. Training in the tracking control task was p,.-formeod ovor

a rather long period and was continued till the performfnce in the different tasks had stAuA;'i,ed a•. con-
stant levels. The subjects were instructed to divide their attention between the tracking- and tit) addi-

tional task in such a way that the total number of errors in the additional task made during one test run
was lei, than the rather arbitrary chosen number of eight.

T.,o experimental variables investigated were the centre of gravity position, I.e. the stability of

the air-,Aft, and the level of the additional task. There were throO e.g. positions, three levels oC thr-
additional task and three subjects. This yielded a three way (Mx3x3) factorial design. Five data runs wore
recorded of each combination, resulting in a totacl number of 138 data runs.

As described In the following Section, when evroimating the human operator describing function, problems
are encountered concerning the accuracy of the estimation process. Therefore, some additional measurements
were performed on analog pilot models in opmn.. and closed loop situations. Three different analog pilots
were used. They were based on preliminary results obtained from data runs of subjects controlling the air-
craft at the three e.g. positions. The open- and closed loops used are shown In Fig. 8 . The remnant
signals added to the model output in the closed loop case had the same spectra as the measured remnant in
the data runs from which the analog models were obtained. The aim of the measurements on the analog models
was to study the accuracy of the estimated describing functions.

A digital recording system was available for the tests. The angle of pitch B and the stick position
so were each measured twenty times per second. The recording of 0 and so started 30 seconds after the be-
ginning of the test run and lasted for 210 seconds.

3. Analysis.

The results obtained from each data run were
2 2

1. The variances a and Y2

e

2. 1he power spectra #f0(w), 0 8 () and . ()

3. The correlition functions C o(0), C658(T) and C0 8  r

4. The estimate of the pilot describing function

fl(,,) - o , (1)

the pilot remnant power spectrum #nn (a),

the coherence factor

P2 IIbUw 22
i (cc) . J6( 2 )•eo() .•~o1w)
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5. The coefficients K, Tit T2 and T3 of a fitted pil-ot model

1--r3JU I÷T CoHp(O) = K . 1 3  I+r1 J( 3)

p '+1' 33w* l+r 2 jW
-ja2I3

This model is based on Ref.5. A Zrst oider Pade .pproximationwas used instead of the factor e repro-
senting a pure time delay in the original model due to the reaction time of the pilot. The model was fitted
by means of a least squares method. To determine the power spectra and the correlation functions "* was
made of the Fast Fourier Transform as described in Ref.7.

When estimating the describing function 9 o! the pilot the following problem was met.
At low frequencies (w<0.5 rad/sec) large phasg lags were obtained from the test data. It tvas not quite
clear whether the subjects were the only source of these phase lags. Similar phase lags hare been obser )d
by Elkind and McRuer as described in Ref.5. In Ref.8, however, Taylor mentione4 that unfavourable forcing
function to remnant ratio's can influence the estimate of the human operator :vscribing function. It was
shown in Ref.8 that

H (jw) + n
p Fn(ij)

(H (jw) .

for the tracking experiment described in that Reference. In this expression F n iC) and FL(jw) are the
Fourier transforms of the remnant and the forcing function respectively.
If F(njw) ,FP(jcn) this relation changes to

lp(iw) 1 a• • ( 5)
H Q(jw5

When fitting the model to the estimated describing fu:zction H ((Dw, the uncertainty in Hp(co) due to tha
effect just mentioned has to be taken into account. This can Ce done by using a weighting function the
magnitude of which depr-4: on the remnant power spectrum. The choice of the weighting function is discus-
sed in the next Section.2

The expression for the coherence factor p (w) as glven in Eq.(2) can also be written as

2 nnw (6)

e 6e
and the coherence factor can be interpretet. as a measure of the linearity of the p1lotts behaviour at the

particular frequency concerned.

4. Results.

Although the measurements were not completel3 analyzed when preparing this paper, it is well possible
to oresent significant results obtained so far. As previously indicated, the experiments differed somewhat
fronm imular experiments in single axis tracking tasks as described e.g. in Refs. 5 and 6. Differences can
be u3,-ed in the forcing function, the controlled element and in the application of an additional mental

task.
Due to the use of the equations of motion of a transport aircraft and of an actual servo driven hori-

zon instrument the bandwidth of the error signal presented to the subjects was limited to about 2 rad/sec.
The standard deviations of 0 varied between 0.45 and 0.85 degrees. This corresponds Lo displacements of
the horizon datunline of 0.41 and 0.77 mam.

In the experiments described in Refs. 5 and 6 standard deviations of the error signal between 8 and

10 mm were used. It is considered that the standard deviations of G in the present experiments are of the
same order as occur in transport aircraft flying In moderate turbulence.

4.1. Tests with analog pilots.

As mentioned in Section 2 measurements were performed on analog pilot models in open- and closed loop
situations.

The astirnted describing iunctiiens of the analog model controlling the aircraft at the stable c.g.
position are given in Fig.9. In Fig.9a the describing function determined from measurements In the open
loop is given. The fitted pilot's model had very nearly the same coefficients as the simulated model.
In Fig. 9b the estimate of the describing function determined from measurements in tbe closed loop Is given.
As shown in Fig. 8 ftanant was added in this case to the analog pilot's output during the test runs.

Thc differences between Fig. 9a and 9b indicate that both the phase angle p and the absolute value
of R_ are influenced at the low frequencies by closing the loop and adding a remnant signal to the analog
mouei output. 2
In Fig. Sc the coherence factor p (w) of the open- and closed loop cases are givem. In the closed loop case
the deviations of the estimated describing function Hp (C) from the describing function of the simulated
analog pilot are strongly correlated with the deviations of the coherence factor p

2
(w) from the values ob-

tained with the purely linear analog pilot in the open loop case. Therefore the coherence factor p
2

(w) was
used as a weighting function when fitting the mathematical model to the estimated describing function Hp(w).
The fitted model shown in Fig. 9b was obtained In that way. At the other two c.g. positions the same pro-
cedure was followed.

N1
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4.2. Tests with human pilots.

4.2.1. Performance.

The variance of 0 has been used to express the pilot's performance in the experiments. In Fig.IO
the mean variance of G0 of mall the replicates and the subjects is shown as a function of the c.g. position
and the additio'Al task level. In Table 3 the mean values of the replicates are given as f'isctions of the
c.g. position, the additional task and the subjects. The variances for the first c.g. posJtion are hardly
influenced at all by the additional task. Since the aircraft is stable at this c.g. position, this is not
surprising. As a matter of fact the variance of 0,, the elevator angle being zero, is only slightly larger
than the average value given in Table 3 go 2(6 =0) = 0.230.

a
The performance as expressed by the variance of e, is, however, influenced by the additional task for

the neutral and unstable aircraft. The differences between the subjects are relatively small.
In Table 3 the variance of 8e is also given.

4.2.2. Describing functions.

From the data analyzed so far the mean values of K, T , T2 and 13 of the fitted human operator

model, Eq.(3), were determined. The coefficients are given in Able 4 as functions of the c.g. position
and the additional task level. The time lag constant, T31 appears to generally increase with increase ofSthe load due to the additional task. The differences between the subjects were not syst~natic. The best way

to look at the other coefficients in the mathematl al model seems to be by considering the crossover fre-
quency toc and phase margin 9a"

4.2.3. Crossover frequency and phase margin.

Using the provisional results of the fitted model, the known describing functions of the aircraft
and the artificial horizon indicator, the crossover frequency %c as well as the phise margin q6 were com-
puted. They are given in Table 5 as functions of c.g. position, additioral task level and test subject.
The crossover frequency Wc increases and the phase margin q6 decreases Atith decreasing stability of the
aircraft.

The crossover frequencies withovt the additional task, averaged over the threo suojects are 0.19,
0.38 and 1.2 rad/sec for the stzb'.o, neutral and unstable aircraft respectively and the phase margin q
are 95, 89, and 36 degrees.

From Table 5 a decrease of wc with increasing additional task level is found. It is considered that
this decrease is caused by the fact that the pilot was forced to give less attention to the control task
when the level of the binary choice task was increased.

The values of the crossover frequencies just mentioned are lower then those found in the tracking
experiments described in Hef.5 which were between 3 and 6 rad/sec.

The phase margins corresponding to the stable and neutral aircraft are larger than the values of ap-
proximately 400 given in Ref.S. The origin of these differences have to be found in the rather different
setup of the two experiments.

4.2.4. Perception of the first derivative 6 of the angle of pitch 0.

In Fig.ll the elevator angle 5e is plotted as a function of time as recorded in two data runs cf
one subject controlling either the stable or the unst-%ble aircraft. Xt can be seen that the behaviour of the
subject in these two cases is rather different. The stable aircraft •s controlled more or less by step P
inputs while the unstable aircraft Is controlled by the sum of step- and pulse inptts.

In Fig.12 describing functions of one subject controlling the aircraft at the three c.g. positions are
given. From these Figures it can ii, seen that in the case of the unstable aircraft the pilot is forced to
act as a differentiator, i.e. the pilot uses the first derivative 6, of th4 angle of pitch 0. to determine
his output, the elevator angle 

8
e"

In Ref.9 the same behaviour of human operators was observed when cont olling controlled elements having

describing functions of the type Ha = Kf(Jw)
2 

and Ha = IV(jC)
3

.
From the above data the assumption sen-s to be justified that the human operator is able to perceive

the first derivative 4, of 
0m as well as to use this information to improve the control. Subject's comments

on the control tasks were in agreement with this assumpticn.

4.2.5. The coherence factor.

2
In Fig. 13 the coherence factors p (cu) corresponding to the three describing functions Hp(W) of

Fig.12 are shown. It ap- ears from this Figure that the coherence factor corresponding to the stable aircraft
has the lowest values, while p

2
(w) corresponding to the unstable aircraft is highest. 7

From these data it seems that the stable aircraft l-aves the pilot the widest choice in his control
actions, resulting in the least lineur behaviour.

S. Discussions.

As stated in the Introduction the aim tf the prssant investigation on the behaviour of the human pilot
is to find criteria for desirable handling qui.1*.%ai. A possible aid In obtainin; such criteria may be a
pilot model somewhat more refined than the well known describing function of Eq.(3). It is considered that
some or all of the following characteristics of the human operator could posi;lbly be implemented in a model.

1. The pilot has to sample the instruments.
2. The pilot behaves as a single channel Informw .j; processor and yet has to perfo'm

different tasks simultaneously.
3. The observations of the instruments and the perception of the output signal have a

limited accuracy.

It Is proposed that a mathematical model simulating the above characteristics be a sampled data model
quantifying the input and/or the output variables. The processes of sampling and quantification can be
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shown to produce a remnant signal in the control loop, thereby obviating the extraneous remnant signal
required in the usual describing function model. Details on the quantification process will be given later
in this paper. In the following such a model will be applied to the control of the aircraft's angle of
pitch 0.

The results of the experiments previously described indicated that the pilot can be assumed to be able

to observe both 0 and its first derivative 6. Accordingly, the sampling pilot's model has the same capabili-

ty. A block diagram of the model is shown in Fig.14.In addition to 0 and 6 the elevator angle be is fed back, because the pilot senses this variable, either

through the coLLrol force he exerts or through the control position he notes through his proprioceptive 6en-

sore. The gain of the three feedback variables will depend on the characteristics of the controlled element.

The output signal of the model is assumed to consist oZ the sum of step- and impulse functiors. In
Ref.10 a somewhat similar model is duscribed which uses triangular pulse functions as the output vlgnal.

In the present model the magnitudes of the steps A(i) and impulses B(i) are assumed to be linear functions
of the sampled and quantified variables 0(i), 6(i) and 8e(i) at time ti. Betreen the instant of sampling
the variables and the start of response to the observations, a time delay T is added. This time delay is

thought to be equivalent to a part of the total reaction time delay 2T3 in E1.0(3)
Therefore A

A(ti T) = cO(i) + c2 4(i) + cbe(i) ( 7 )

B(t c 8)

The steps and impulses are fed to a second order system which simulates the pilot's neuromuscular sys-
cem. The sum of the step and impulse responses of the second order system represents the change in elevator
angle due to the observations 0, 0 and 5, at time ti, the most recent sampling instant.

The second order system causes an other part of the total time delay 2T 3 which is due to the characte-
rist• :s of the neuromulscular system.

According to Ref.5 the open loop characteristics can be described by the crossover model in the cross-

over frequency region.

H H (w)) = c (9)p a.."

This Implies that the closed loop behaves approximately as a first order system in the crossover region. In
accordance with these observations it is assumed that the human ope-at-or tries to return the perceived error

C-1 t
Sto zero according to the tim. function e W t

When the human operator tries to return the error to zero according to the exponential function e
he has to verify this returc by sampling the error signal at regular intervals in time. The sampling fre-

quency may well be expected to be closely related to the crossover frequency ,0
C

Returring uow to the sampled data pilot's model, the coefficients cl ... c 6 used to calculate the step

and impulse magnitudes, see Eqs. (7) and (8), have to be determined such that the error e(t) - in the absen-

se of further disturbances - actually follows the time functions e as well as possible.

The quantification process will now be further discussed. It is proposed that the relevant variables

are quantified as follows. Assuming that the variables have a Gaussian distribution, It is possible to
divide the range of each of these variables in n intervals of equal probabilit.,,. An example is shown in
Fig.15. Each interval has a mean value which is returned to t.,e model if the sampled variable is within

the boundaries of that interval. In Fig.16 the standa-rd deviation of the relative error, introduced by
quantification of a variable as a function of the nurber of intervals n, is given. It :an be shown that the
power spectrum of this error is approximately white ae, the power increases with decreasing number of inter-
vals.

The importance of the sampling and quantification processess In the model may be evident from the foll-
lowing. In the Introduction of this paper it has been stated that the pilot has a limited capacity to pro-

cess the information derived from different sources when controlling the aircraft. The suggestion is made
here that the mental load of the pilot due to information processing might be related to the sampling
frequerm-y and the number of quantification intervals In the sampling pilot's model, needed to duplicate in

some general sense the pilot's behaviour. Since the minimum sample frequency and the minimum number of
quantification intervals, necessary to obtain adequate control of the aircraft by the model, are determined

by the characteristics of the aircraft, it might be possible to study the mental load of the r'lot in terms
of information processing with the above described sampling model.

The above reflections on a mathematical pilot's model may be related very briefly to the experiments
described in this paper. If the assumption that the crossover frequency w is related to the required sam-

pming frequency is correct, than the expectid low mental load of the pilot controlling the stable aircraJt
in the experiments is In accordance with the low value of the crossover frequency shown in Section 4.2.3.

The lower coherence factor exhibited with the stable aircraft, see Fig.13, indicating less linear

behaviour of the subjects as previously discussed, can now be interpreted as the result of a coarser quanti-

fication and hence a lo.er flow of information than is required with the neutral or unstable aircraft.
From these data obtainesi from the experiments, an Increase of mental load with decreasing stabili4y cf the
aircraft can be made plausible.

It will be clear that more experiments and much more analysis of these experiments are required to veri-

fy and further elaborate upon the various assumptions made in setting up the sampling pilot's model.
The preliminary results briefly discussed In the foregoing seem to justify continued efforts in this direction.
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6. Corcluc!.,ns.

From the results of the experiments described in this paper the following conclusions can be drawn.

1. The variance of the error signal 0, in a single-axic tracking task generally increases when an addi-
tional mental task is given to the human operator in the tracking task. The influence of the additio-
nal task on the varinnce of 0, depends on the characteristics of the controlled element.

2. A decrease of the crossover frequency (D i. found as a result of the additional mental task.
c

3. A sampled data model described in this paper may eventually provide the possibility to study the mental
load of the pilot In terms of information processing.
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8. Tables.

Table 1. Data of the simulated aircraft.

W = 59000 kg

S = 153 m2

V = 145 W/sec

C = 0.6
L

1. x = 0.29
c.g.

= -4.19 (1 + 1.49 jw)(1 + 54.9 jw)
eD

900)) -14.8 jw(l - 0.15 jc)
u (jc) D
g

0(w) - 0.946 .,Ju-(l 0.205 jw) (1 - 80.1 jw)
a(jW) D

0.0475 ~ .. 21 1  0+687
D 0.0743 0.0743 1 2. 185 1.85 (

P = 84.6 sec P = 4.7 sec

T = 196 sec T = 0.35 sec

M
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2. x = O.415

e(GO) (1 + 1.45 jw)(l + 55.4 J03)S:- 5.27

= 2
u - J-0) An

g

=- 1.13w(1 + 25.6 jw)(1 + 2.22 iw)
D

)D jw(l + 96.4 Juw)(I + 1.04 Jw)(( + 0.665 ja)I
T,=66.7 sec T,-0.7 sec T -0.46 sec

3. Xc.g" 0.505Z

G(_U - 5.97 (1 + 1.43 pD)(I + 55.8 Jw)
5e(Jw)___

6(jw) -1.8 p(1 + 0.227 jw)
DO(JW)- = 1. w(I + 108.92 jw)(*052j)

czg(iwj) D

D = (1 + 0.414 Jw)(I - 6.17 . -',) + 2 0.--- Jw + O .1 5 2

T•0.29 see T2=4.3 sec P = 40.4 sec
Tj= 6.9 sec

Table 2. Gust filters.

u (jw) Li(Jw) = . L

LI1+ 3 - O
V

i(jwD) 2K L(1 + V-1 j,,) 2

i(jw) = white noise signal

L = 300m
g

V = 145 m/sec

The gains K and K2 depead on the scale factors in the analog computer.

I

i Jm) = 1i 1 + 2.07 jW

•g(m) K. I + 3.58 ju••

i~jm) = • "(I + 2.07 juo))

Table__3. The average value of the variance of the The average values of the variance of the elevatorangle of pitch Om ofthe replicates, in angle be of the rcplicates, in degrees squared.
degrees squared.

Additional lst.c.g. 2nd.c.g. 3rd.c.g. Additional lst.c.g. 2nd.c.g. 3rd.c.g.
Subj. stable I unstable Sub! le

task evelI.-r/ atrcalt aica t aas level uj stbe nt= u-tbl
airrat arcaf aicrftaircraft aircraft aircraft

A 0.200 0.209 0.706 A 0.00602 0.0134 0.355

00/0 B 0.162 0.201 0.601 O/o B 0.0131 0.0194 0.218

C U.10 0.222 0.776 C 0.0140 0.0202 0.140

A 0.264 0.230 1.190 A 0.00882 0.0103 0.256

40°/o B 0.180 0.180 0.775 460/o B 0.0112 0.0189 0.179

C 0.273 0.276 1.048 C 0.0176 0.0337 0.147

A 0.206 0.308 1.459 A 0.00666 0.0141 0.282

80°/o B 0.8) 8 0.216 0.979 800/0 B 0.0070 0.0153 0.197

C 0.2,, 0.311 1.285 C 0.0845 0.0212 0.093
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Table 4. The coefficients K, • i, 2 and T3 of the pilot model.

jw 1 + I + w3 1

Additional lst.c.g. 2nd.c.g. 13rd.c.g.
taklvl Coeff. stable neutral unstable

tak evlaircraft aircraft aircraft

K 0.113 0.099 0.200

O0/0 T1 (see) 1.32 1.94 1.82

T2 (sec) 0.41 0.34 0.23

4 - 3 (sec) 0.26 0.28 0.15

K 0.03 0.085 0.171

400/o 'r (sec) 1.67 2.34 2.07
T2(Sec) 0.41 O0,,-,: 0.35

03(sec) 0.28 0.28 0.13

K 0.088 0.070 0.176

80°/0 T1 (sec) 1.42. 2.30 1.81
T (sec) C.37 0.37 0.26

_ 3(sec) 0.31 0.34- 0.18

Table 5. The crossover frequency w cno the phase margin q_ _I

Additional Ist.c.g. 2nd.c.g. 3rd.c.g.
takl.lstable neutral unstableaircraft aircraft aircraft

w T. c TM C 3

rads cc rad/sec rad/secI

A 0.149 920 0.404 810 1.424 290

00/o B 0.182 980 0.387 30° 1.262 37°

C 0.229 950 0.336 960 1.032 43'

A 3.146 940 0.239 890 1.027 34 0

400/o B 0.166 980 0.349 9 3 ' 1.086 420

C 0.220 95 0.246 91- 0.96? 410

A 0.135 930 0.211 900 0.987 3G°

80/0 B 0.1S8 930 0.232 970 1.034 %9P

C 0.171 I30 0.255 940 0.826 390I.1.

S. .... .. . .. . . •0 . . .. $
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lr:ýJ| stimuli

perception decision mok,ng output co•"innd S

Fig. 1. A simplified scheme of the information processing by the nervous system, derived
from Ref. 4.

si' t)
Gust ftilers

-- *hte noise Ug.rq

Pilot 3

Init)L S~Artificale _ lJI| A ir raf H or iz o n

emO tpIJW H IOw

II

Fig. 2. Block cdiagram for the single axis tracking task.
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2 Ft
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2J

-16 -12 -8 -4 0 1. a 12 16

e e$

-1

-2

Fig. 6a. Stickforce F e as a function of side-arm contr oiler deflection, se-

-3

-5

Fig. 6b. Elevator angle, &e' as a function of side-arm controller deflection s.
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artificial average eye position
° horizon
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controller
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side-arm controller
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push buttons for additional task

Fig. 7. Position of the subject relative to the horizon. Dimensions in mm.
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INA. DIBCUSESION

I. L. Ashkenaa
SSystems Technology, Inc., Hawthorne, Californie.

Mr. Hosman's experiments and analyses have presented us with a number of interesting observations and
conjectures deserving of comment and comparison with other results. Of course, with the advantage of total
hindsight such commen,;s can be quite a bit more perceptive now than at the outset of the exp&riments.
Also, the fact that I speak from the vantage point of the relevant collective experiencc of our group at
STI gives me an additional advantage. Under these circumstances, it may be difficult to avoid what some
of you may consider a pedantic tone. Please realize, in any event, that my purpose is to convey, to those
of you interested in the field, more of the present state of art relaxive to Mr. Hosman's subject.

In reviewing Mr. Hosman's paper we found that the areas deserving comment broke down into four major
categories, as listed below:

1. Pilot measurement "problem4."

2. Interpreting pilot/v.ehicle results.

3. Secondary task implications.

4. Sampled data models.

I'll discuss these various categories in the order listed.

PILOT ,AMRI1T PROBLE

Mr. Hosman's Figure 9b is a typical example, and a graphical demonstration, of an old pr(U'.em in pilot
behavioral measur,-i nts. It shows the considerable scatter and low frequency anomalies in the 'lescribing
function measurem n.. due to a remnant-like injected noise; and it also illustrates 1 he effectiveness of
the weighting pr.cedure used by Mr. Hosman to obtain somewhat better fits to the dat- in the presence of
this noise. Although it is -iot clearly described in the text, ue understand that the model-data matching
errors are weighted by the first-estimate of the local o2. In essence, this forces the model to fit near
the crossover region. Of course the real impact of Fig. 9b is that it "explains," by virtue of injected
remnant effects, the considerable extra phase lag in the low frequency region. However, in certain of our
experiments we have often found such low frequency lag effects to be real, rather than noise-induced.

On the other hand, as I have previously indicated, we have had similar problems with low frequency
scatter and poor signal to noise; and, in fact, such problems led us to adopt a sum-of-sine-waves input,
as mentioned by Mr. Hosman. We have, however, made some fairly recent changes to the spectral form -::ich
now differs from that shomn in Fig. 3b in that the cut-off corner of the spectrum is attenuated in a manner
similar to Mr. Hosman's random input, except that our high frequency "shelf" is still retained (Ref. 9).
The "rounded" corner is considered by the pilots to be a more reasonable kind of a command input, than the
abrupt cut-off, for use in real airplane simulations. This may have been a point that bothered Mr. Hosman,
and I mention it because in our experience we have found such rounding to satisfy pilot requirements.

The use of a finite sum of specific sine waves to approximate the general spectral shape described
above permits on( to use the ratio of Fourier transforms for the cross-spectra in Eq. 1 without getting
into low signal-to-noise problems (see Ref. 10). Thatis, referring to Mr. Hosman's Eq. h, we make certain
that the remnant power relative to the signal power is quite small at each input frequency. On the other
hand, Mr. Hosman's input spectrum, which at low frequencies corresponds to white noise acting through the
airplane as a filter, actually has a reduced signal at low frequencies according to Fig. 3a; and addit-on-
ally has spectral properties which make it difficult to distinguish signal from noise. Early experiences
with spectral inputs led us and otners to conclude that we were better off, with such inputs, to expreý:.
the desired quasi-linear describing function in terms of Hp = Oug./Oug. If the remnant is considered to
be an injected noise and the signals correspond to a stat.'onary random process, then this form always
yields a better estimate for Hp than Eq. 1. However, as noted earlier, if a sua of sine waves is used,
Eq. 1 or even simpler relationships can be utilized wit/. little error.

Another advantage of sum-of-sinusoid inputs is that, with special techniques, one can obtain the desired
describing function on-line using th: error signal alone! This is done by using the input's cosines and
derived sines as the Fourier-integral multipliers of the selected signal (error has the best properties)
(Ref. 10). It is even possible to cbtaii an estimate of the signal coherence at each input frequency using
this approach (Hef. 11). With 5-7 3inusoids the effective local o2 at each frequency remains above A
0.80-0.90, even though the avera3e correlated power is only 0.20-0.50!

As a final comment in this area, it would be interesting to examine the remnant spectral form (not
shown in the paper) to see how it compares with other researches in the field.

'I n ý .=ON 0m Pn=/V=1E R.EU• S

The system performance results tabulated in Table 3 show, as also noted by tr. Hosman, that for the
stable aircraft the closed-loop values of oa are not much different from. those for the airplane alone.
This cornent also applies to the neutral aircraft because the airplane-only value of -ý, obtained by
roughly integrating the spectrum shown in Fig. 3a, is only slightly higher-about 0.33 deg2 , as opposed
to 0.23 for the stable airplane. Furthermcre, ats also noted (and shown in Tc4ble 5), the closed-loop cross-
over frequencies for the stable and neutral aircraft are quite low, being respectively of the order of 4
0.2 and 0.4 rad/sec. On the basis of this evidence it seems that the pilots were not do.ng a lot of active
tracking for these two confi.gurations. A possible e.-l-anation may be that the signal levels were within

'~. -, ~,--. 'OaWL a
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the pilot's indifference or visual threshold. For example, the cO of about 0.48 for the stable airplane
converts to approximately a subtended visual angle at the pilot's eye of roughly 0.54 milliradians; the
corresponding value for the neutral aircraft is about 0.65 milliradians. From data given in Ref. I it
appears that visua3 threshold values are of the order of about 1 milliradian. For the unstable aircraft
the value of a2 deduced from Fig. 3a was about 23.5 deg2 , which raises the value of ae by roughly an order
of magnitude over that for the stable airplane. For such a large input there is now no question of thresh-
old effects; and, in fact, this ib the only one of the three configurations for which the crossover fre-
quencies are in a -ange consistent with reasonable tracking efforts, as discussed below, i.e., Qc= 1-1.4
rad/sec. Recent work on display scaling by STI and others has also shown crossover frequency regression
for near-threshold display signals (Refs. 8, 12).

Whether or not the low crossover frequencies noted above were due to threshold, the effects of
increasing input excitation noted above are consistent with other findings, i.e., that increasing the
input above a certain low level sometimes increases the pilot's gain and corresponding crossover frequency.
We have observed similar effects in some of our own multiple-loop test sitistions where the disturbances
were deliberately kept small to prevent other instruments in the pilot's view from fluctuating too wildly.
In a recent series of tests we simulate' a DC-8 0"31plane approaching at 135 kt (Ref. 2) with airline pilots
told to fly in their "natural" way. We found that, even though the a0 input was approximately 1.2 deg at
rouhly the same display scaling used by Mr. Hosman, one pilot's crossover frequency was only about 0.4
rad/sec with a corresponding phase margin of 85 deg; whereas a second pilot had about a 0.9 rad/sec cross-
over frequency and roughly 74 deg of phase margin. The first pilot had about the same low crossover fre-
quency for the outer loop indicating, in effect, that he did not really use an attitude inner loop in his
normal flying. When these same two pilots were given a flight director in which the displa. scaling
increased the apparent disturbance input by about a factor of 3, both pilots had roughly similar crossover
frequencies now ranging between 0.8 rad/sec for the previously low pilot to 1.4 rad/s ec :or the second
pilot, with respective phase margins of 55 and 30 deg. These latter data compare quite favorably with
those shown for the unstable aircraft in Table 5. We should note in connection with these results that,
because the pilot had a fall instrument display panel and was flying a whole landing approach task, the
reduced crossovers relative to those obtained in pure single-loop tasks are due, at least in part, to the
effects of scanning.

In addition to the above differences in crossover fraquencies and performance, Mr. Hosman notes in
connection with Fig. 12 that, as the airplane becomes progressively less stable, the pilot adapts more
lead. However, Table 4 shows less systematic variations of lead time constant (TI) %.ith changes in the
airplane's stability than Fig. 12. Table 4 also shows a marked decrease in the effective time delay
(- 2T3) for the unstable aircraft. This result is quite consistent with oar findings that, for unstable
aircraft where the value of ¶3 is especially critical to closed-loop performance and stability, the pilot
tenses up and effectively reduces his neuromuscular lag. In fact, we quite often use instability as a
device to increase the pilot's tension; we also use increased input bandwidth and, in some cases, electro-
myographic feedback to the pilot so that he can see his own tension level.

SEZONDAR TASK IMPLICATIONS

F.gure 1, which Mr. Hosman uses as the basis for setting up the philosophical point of view relative
to secondary tasks and modeling, we find somewhat confusing and misleading, or at -.est onily partially true.
For example, we would say that there are feedback paths other than conscious perception vhich the pilot
ean close; for instance, through unconscious sensation, as in joint receptors. Also, 'he block labeled
"Decision" in ?ig. 1 is not generally a factor in the closed loop itself, but rather i, a parallel func-
tion which can oferate to affect switching, lead generation, or other pilot activities - the loop under
control. We prefer an hierarchical structure, with the decision-making "metacontroller" governing the
often-parallel multiple control loops.

Also, the notion that the human cannot deal with more than one source of information at a time, we
feel, is not truly a well-accepted dogma; although it do2s reflect a simplistic view held by many in tne
psychological fraternity. For example, in multiple input/output operations (e.g., using elevator, aileron
and rudder) the pilot can handle more than a sin.gle continuous task. In this connection, the data and
"results of Ref. 3, concerned with a series of tests where a variet•r of conf.-gurations were flown using
aileron-only, and rudder as required to stabilize a divergent dutch roll mode, are of direct interest.
The dutch roll damping ratios were varied from 0.75 to -0.075 to -0.35. The roll axis, which was the
command axis, was easily controlled with only aileron for the stable dutch roll, but both levels of dutch

roll instability required simultaneouc control of a rudder inner loop to improve the airplane, or make it
flyable. The observed crossover frequenc.1es for the outer bank angle c,'umand loop were 3.2 rad/sec with
a phase margin of 20 deg for all configurations regardless of the secondary task requirements. It is
important tc note in this connection that the pilot was apparently not pushed to capacity despite the
increasing load. That is, he was able to continue doing the same command/cenLrol job despite an increasing
secondary "load." In view of such results (and w. have obtained others of a similar nature), it seems
obvious to us that the pilot is really much more than simply a seauential processor.

Whether "mental load" describes sch increased demands on the pilot is questionable. However," we quite
agree that decreasing airplane stability will force the pilot to work harder by tensing to reduce "3, ty
adopting high frequency 3ead. and by requiring him to operate above some minimum gain. Such descriptions
of what the pi3ot has to do to control the vehicle in the assigned task are much rore concrete than a
phrase like "mental load." In any event, both descriptions indicate a certain reduction in the pilot's
excess capacity for additional tasks.

Of course, the addition of another task farther reduces the pilot's excess capacity; and if we can
arrange both tasks-that is, the primary and the added or. secondary task-to be such that his total
excess capacity is zero, then there are a variety of ways in which we can quantii'y his excess capacity
when only performing the primary task. For instance, if the primary task performance is held con.tant,
the performance achievable in the secondary task is then a direct neasure of the excess capacity with only
the primary task (Ref. 4). Conversely, if the secondary task is held constant, then the rerforrance
degradation in the primary task is also a measure, although not quite so directly, of excess capacity,
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provided that the combined task is really saturating the pilot.

In Hosman's experiments the auditory, binary choice, secondary task was set at vernous levels corre-
sponding to percentages of the pilot's total capacity in that toas'. Accordingly, the reduction in primary
task performance is expected to be indicative of some change in the pilot's 4arailable capacity. However,
there was no provision for the sum of the comcbined tasks to totally saturate the pilot, which might have
been a better strategy. Also, the fact that the scores on tVe additional (secondary) task were not kept
(or at least were not given) indicates that the pilot had some leeway in trading off secondary versus pri-
mary tasks in priority. Accordingly, there is at least some philosophical basis for questioning whether
or not the resulting reduced performance in the primary task i& necessarily indicative of a reduction in
the pilot's capacity when also performing the additional bwiitory task.

If with this background, we look at Fig. 10, it is clear that the additicnal task has no real effect
on the closed-loop performance of the stable aircraft. This isn't too surprising when we remember that
the pilot really wasn't doing very much toward controlling this particular configuration. For the neutral
aircraft we see some incre-se in tracking error, but the pilot still, we suspect, is not really trying (or
can't accurately perceive the error) as evidenced by the low crossover frequencies. These are 0.2 to
0.25 rad/sec (Teble 5) for the 80 pe-cent auditory task, decreased from 0.4 to 0.4 rad/sen without the
auditory task; but far below the pilot's true capability as shown by crossovers of 1 to 1.4 rad/sec for
the unstable aircraft. It seems fairly clear that for the unstable aircraft the pilot was forced by the
additional task to pay less attention to the control task and that he was truly quite nearly saturated.
However, for the other cases, it appears that the pilot may not have been operating near full capacity,
especially in view of the mutiiple-loop data cited previouslyTwhich showed no changes in command task
performance with an additional control task). Nevertheless, we can't deny the data, so we -ionder whether
there were changes in the actual scores on the additional task which perhaps could account for the slight
differences shown in the performance trends for the stable and reutral aircraft.

In our own work we considered a variety of secondary task loadings and ended up with a preference for
what we call a cross-coupled secondary task: (Ref. 4), which always stresses the pilot to his limit capacity

while maintaining some speciftied performance in the primar3 control loop. Accordingly, we use the second-
ary task score as a direct quantitative measure of excess capacity for the primary task. Incidently, the
secondary task score thus obtain-d correlate quite well -ith pilot ratings of the primary task alone
which indicate that, among other things, the pilot rating is a pretty good measure of his capacity to take

S: dditional work.

BAKMZ-DAT!A P MO DEI8

In connection with the advanced pilot model proposed by Mr. Hosman, we agree that the process of
sampling and quantification can produce remnant. In fact, we've been throug., about four generations of
development on such models in our own work on display scanning and sampling. (Hosman's Ref. 9 gives one
third-generation example.) Some of the things we've tried, and some of the results we've c.ntain,.d are o?
direct pertinence to Mr. Hosman's proposed modeling effort.

In thi.1 work we have developed explanations and models for the quasi-linear describing functions and
remnants e•xperimentally observed. Two "mental processes" have been hypothesized for the models (Refr. 5 -A

and 6) called 'switched gain" and "reconstruction-hold" models. For the sritched gain process, the quasi-
linear describing functions in the several loops incur no time delay because of the scaumng and sampling
processes, although the gain switching (multiplexing) from loop to 'Loop reduces the effective gain in each.
In the reconstruction-hold model a sampling delay is incurred that may be largely offset by lead equaliza-
tion as part of the signal reconstruction process.

The principal cost of tne scanning, sampling, and reconstruction (or switching) behawvior is an increased
"remnant." This depends on the sampling frequency: fixation dwell time, and sampling frequency variations,
as w^_ll as the signal variance. It acts like a multiplicative (proportional) injected noisr-, an'i is the
real cause of saturation in multi..instrument displays (e.g., Ref. 8).

We recogpiize six possible sources of remnant:

Observation Remnant due to poor coupling between the displayed signal and tie eye. Resolution,.
retinal rate thresholds and saturation level,. and refractory delay are of key relevance to
instrument design.

Scanning Recnt due to scanning end sampling of mltiple instrument displays. To the extent
that parafoveal information can be used for nonfixtted instruments in an array or for symbols
within a display, the parafoveal displKr perception is of interest because it can reduce
scanning remnant.

Equalization Rcmnnt dut to asynchronous, discrete mental data processing to derive rate (lead

equalization), time nd amplitude variations in gain, and intentional dither. Except in
properly designed flight directors. these are dominant remnant sources, and can affect the
remnant resulting from. use of a given instrisent design (e.g., if low fr-quency lead gener>-
tion is required, the instrument mst provide sooth data in the low-frequency range).

Motion-Cue R2nant. due to vestibular feedback noise.

Croastalk Re•mat due te neuromuscular cowmands for other axes i. a given cont•ol a&tion (e.g.,
some aileron control shoig up in elevator control inputs).

Neuramcular emreAt due to neural and muscular nonlinearities and tension (gain) variat5ons.
An important remnant source is residunl neural noise and trenor wtich remain even w.ien no
command is being followed.
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It can be shown (Ref. 7) that the types of quasi-randomly sampled and processed signals of concern here
.. an be modeled by (1) replacing the sampling or switching process by a continuous transmission path with
a describing function model, and (2) adding an uncorrelated wideband noise process whose p<er spectral
density is proportional to the variance of the signal before sampling, which in our case is the displayed
signal. For the switched gain model, the quasi-random sampling process has a finite foveal dwell interval,
and the wideband noise process exhibits a low-pass power spectrum with a first-order break frequency which
is inversely proportional to the average foveal dwell interval (Ref. 6). The measurements of this -Jitched-
gain remnant (Ref. 6) have shown that it so predominates over the other sources of remnant that the other
sources cannot even be identified.

CONCLUSION

I sincerely hope that this recitation of sr.t of our work and results vis-a-vis the experiments and
data obtained by Mr. Hosman is norc construed in any negative way. I hope instead that my comments, criti-
cisms, and references to some of our pertinent parallel work may be helpful to those of you planning
similar experiments; and that is the spirit in which this disca.ssion has been rendered. The work des-
cribed in detail by M[r. Hosman is valuable regardless of the questions and issues raised in my discussion.

Certain of his data, as reduced, appear to have more validity than others; however, as with all such data,
it may be possible or feasible for some of the questions raised in today's discussion to be re-olved by
additional manipulations of the fairly solid data bank he has collected with his carefully conducted
experiment.
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OPEN DISCUSSION

R. Deque, Aerospatiale, France

IWe know ground base simulator limitations. Have pilot transfer functions been also measured
from real flight?

I.L. Ashkenas, SrI, USA

Yes, we have used some variable stability aircraft, the Princeton Navion and USAF T-33. My recol-
lection is that we got good agreement between the flight test and the ground based results. The Im-
portant differences were the crossover frequencies and gains.

R.O. Anderson, AFFDL, USA

There has been other more recent work. NASA did some work using the variable stabll•tv Lockheed
Jet Star, GPAS. But an even more dramacic effort was the work done by Mr. Wingrove at NASA Ames, where
he made actual measurements of the Gemini manually controlled r2tro-rocket firing for reentry. He found
very good agreement with general theory, except for the differences that Mr. Ashkenas mentioned.
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18-I /•,S• PILOT WORKLOAD

--t• R.K. Bernotat Jean-Claude Wanner

Forschungsinstitut fth- Anthropotechnik Service Technique Aeronautique

5309 Meckenhehn, Germany Paris X•', France

The following paper is not a carefully prepared conference paper but was made ready by the two authors on request of the

chairman on very short notice during the meeting to serve as a has.•s for discussions concerning th.:" ;'e'Y special topic.
i I. Schematic of pilot in the loop

Figure ! is a schematic of the possible functions of the human operator within the whole guidance and control system[2].

We notice the three hierarchical control loops. The "captain" gives his commands, as for e•ample, point of destinationt
" to the navigation loop which computes the appropriate flight programme.

r -1

I
Snav•gol•on

I
I

conlroI

'I ,, '°°'- J

-t o.,.o,, I=
lurOuKt

Figure 1 : Functions of the human o/•*.mtor in the 9uidanre and control loops

During flight the "navigator" checks, whether there are large deviations from *he prcor•mme. |f this is the co• he will

start the computation of a new programme.

The forcing Function given by the progmmrne is fol!owed by the "guidance:' looo. Smaller deviations from the progra•r•'ne
are corrected by the "pilot" acting as a computer.

The ovt o*-t e.• ..•..: Ic,•9 • ihe •'orclng Funcli•'• of :•c .r..':.:: !,•-.•, :a:t•.• :."ble for attitude and speed of the aircraft. With-
in this loop too the pilot mainly has the function of a very flexible and adaptable €orr•uter.

SFrom the viewpo int of pilot workload it ca n be stated tha t

i
a) because of the increasing frequency demand within the control Io, •e ph),sica| worktcad increc•s from the higher

to the lower loop.

b) because of the increasing level of infatuation processing, the mental |.._ •d increases the other way from bottom to t•.p.

c) follcrwlng from a) and b) the automation started in the attitude loop (stabilizer, sir@ie attitude hold cutopilots), •

continues into the guidance loop (mare complex autopilots with flight path coupler) and moves toward the navigat'on•loop (space flights), i• l
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Let us try now to structure these different considerations by giving some definition [5, 6]

The total mission of an aircraft can be divided in a certain number of parts we call "Phases", like for instance, Take
Off, Climb, Cruise, Descent, Approach, Landing and so on; but the objective of a Flight Phase is too general, so
we divide each phase into a number of elementary parts we call Sub-phases. The objective of each sub-phase is
specified within a given set of tolerances which take into account the likelyhood of performing the succeeding sub-
phase.

During a given sub-phase the pilot has to adhere to airplane limitations, for instance, limitations on angle of attack.
He has also to adhere to operational limitations, for instance, height above the ground, flight level prescribed by the
air traffic control; this first objective to be met by the pilot is called Immediate Safety (figure 2).

FLIGHT TECHNIOUE CTRA BRAININTERNAL LOOP

BULDU A CONTROL•-'' OF THE
ENROI ERLDR ERROR POSITION

ANALYSIS I4ANCEUVE ANAL1S OF THE "ANALYSIS F THE

OF THETOFiLFORCE "CONTROLS :

Shtort term Immediate cn.r0

SENSOR safety SENSOR safety SENSOR forces

Ilooppoo

ATTITUDE ANGLES ARRF

-1 1

Figure 2: The pilot in 3 loops

On the othet hand, the pilot must not jeopardize the achievement of the following sub-phase; in other words, he has to
reach the elementary objective of the sub-phase within the tolerances (position, height, speed, heading and so on). This
second objective is called Short Term Safety, the Long Term Safety being the observation of the objective of the phase
(navigation and ;ui-fonce).

In order to observe this double objective, short term and immediate safeties, the pilot uses c flight technique as a guide,
this flight technique depends on the state of the aircraft (mass, C. G. location, failure, and so on) and on the state of
the atmospbere (visibility, turbulence, wind, and so on). The flight technique is generally givan in the fHight manual
by rules for combining the different flight parameters used by the pilot 'speed, altitude, altitude angles, position in space
provided by 1. L. S. or other guidance systems, and so on).

The data concerning the short term and the immediate safeties are provided to the crew in different ways;

[N

- sormt data are directly or indirectly measured and provided on the instrument panel in cnalog or sometimes in
digital form

- sormi data ate not measured because they ore directly accessible to the pilot; for instance pa:ition of the air-
plane with reg,3rd to the runway in visual landing, linear and angular accelerations
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- and last some data concerning the state of the aircraft are provided on the instrument display (position of the
landing gear, of the flaps, engines R. P.M., systems failures and so on)

Cues relevant to the sort term and immediate safeties are collected by the different human sensors, which are eyes, ears,
hands and legs, and the whole body.

We have to roticc that eyes are double sensors: central vision, collecting few but precise data, and peripheral vision,
collecting numerous but not precise cues. The ears are also multiple sensors: the external ear collects sounds, and the
intema! ear collects linear, angular accelerations and direction of the apparent vertical.

It is very important to note that data are collected by a sensor and transmitted to the brain and are used by the brain only
when the brain gives the corresponding order, in other words, "calls" the data.

This remark is very important because it means that the collection of different data cannot be made in a simultaneous way:
the brain asks the eyes to look at this instrument then at another instrument and later asks the ears to listen to this or that
signal; the way of scanning, generally learned by training, may be modified by an alarm signal coming from peripheral
vision or from the internal ear.

The data, collected by the various sensors are transmitted to the brain, which, by direct comparison with well-known
situations or by computations according to programmes stored in the me:nory, gives two kinds of orders:

- order for action by hands and feet on the controls

- coil for new data to be collected by a given human sensor

The first type of orders generate the externao loops and the second ones generate the internal loops (see figure 3).

DATA DT

COLLECTIONCUES BY HUMAN TREATMENT OUT-PUTS
BY BRAINSENSORS

:• yesArms action

Instrument 0 and onSpanel Legs controls •
---- s s=ears

view .
__ MearShort term ?

ASceleratuons and .mof the BRAIN Long trmm€aircraf t
anua Memory

Control "--- ••
forces

ho,.dsSelection of human sensors|
". . - o asking them for specific

feet new data

INTERNAL PILOT LOOP

EXTERNAL PILOT LOOP

Fgure 3: Internal and external pilot loop

Let us examine now these two outputs of the brain by considering a specific example. We assume that the pilot has to per-
form the "Final D'escent" Sub-phase of the "9.L.S. Approach" Phase under zero visibility conditions. He has at his disposal
the I. L. S. cross pointers and the conventional instrument panel which includes the altimeter, the horizon, the rate of climb
indicator, the air speed indicator, the direction holder and the turn and bank indicator. The chosen flight technique is:

- speed maintained constant at a given value

- wings maintained horizontal

• • • _ = -- Ip :• ,-•" '•':•' . •i = "••"•.L • " • _--L.'"... ... • -• . . ..•-• -• -,'
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- the two 1.L.S. cross pointers at the center of the indicator

At a given moment the pilot has received the following information:

- the speed is equal to the desired approach speed

- the heading is the localizer heading

- the wings are horizontal

- the pitch attitude is at the correct value, tokinq into account the slope and the recommended value of the angle of
attack

- the I. L. S. indicator shows that the aircraft is above and to the right of the I. L. S. path

In reality the pilot's brain h'as not assimilated directly oil of this information. By scanning the instrument panel, he has
noticed the position of the airspeed pointer, the position of the pointer of the direction holder, the position of the artifical
horizon bar, the position of the two 1. L.S. pointers.

Thus we see that a fairly complex mental exercise, which includes comparison with data stored in the memory, is performed
before the pilot can analyse the situation.

We shall note that several values are sometimes memorized in terms of the required needle positions. For example it is
known that in approach, the pointer of the airspeed indicator is horizontal to the left or vertical above. Such memorization
depends on the type of display used.

Now the pilot performs a second mental operation to plan his strategy for achieving the short term safety, that is, to
guide the aircraft through the three hundred feet window.

The flight technique helps him to find the proper procedure.

Then, the pilot deciaw's to incline the aircraft to the left and reduce the pitch attitude. Knowing from experience that a
reduction in pitch attituct-, goes with an increase in speed, he decides to reduce the thrust as well or to increase the drag
by using the airbrakes. Depzrnding on his training, that is, depending on how much information he has memorized, the
pilot decides with more or less precision what magnitude the elementary manoeuvres will have. The pilot knows that to
correct a two point deflection of the I. L. S. indicator along the lateral axis at the beginning of descent, he must bank
the aircraft twenty dc.grees to the left for five seconds and then bank it twenty degrees to the right after which he returns
to the wing horizontal position.

Of course the pilot does not know exactly how long themanceuvre takes, and he has no chronometer available. Indeed
he uses the usual banking rate, and he knows that a twenty degree left bank followed by a twenty degrees right bank
and a return to horizontal gives the desired correction. Likewise, a trained pilot will know that reducing the pitch
attitude by two degrees for ten seconds followed by a return to the initial attitude will correct the altitude deviation.
Finally, he knows that a reduction of one hundred r.p.m. is required in order to prevent an unacceptable increase
in speed during thismanoeuvre;if the speed is not below the minimum drag speed, the pilot can decide that a thrust
variation is not needed for such a short mancuvre.

Up to this point, the pilot has not acted; he has only performed mental operations to analyse the situation and decide
what strategy to use. There remains one more mental operation to be performed: determining how to actuate the con-
trols in order to perform the desired elementary manoeuvres. These controls are the stick for pitch and bank attitude,
the rudder pedals and the throttle. If he is trained thoroughly enough, he will know how much force to apply to the
control and how long in order to bank the aircraft twenty degrees to the left at the normal rate. He will also know how
much forces should be applied on the stick to control the pitch attitude and how far the throttle should be moved.

Once these decisions have been made, the pilot con act, that is, move the controls. Then come the checking operations;
the various sensors have to collect new data.

The forces applied to the controls are modified according to the results, that is, as a function of the data collected.
Thiis, there is a set of control-action-loops between each force applied to the control and its resultant action, until
the desired result is reached.

To acquire the information needed to evaluate the results of actions taken, the brain must call for it; there is a signal
to the appropriate sensor to switch it into a state of readiness for transmission. The command to "enter into service" is
transmitted to the sensors by what we will call an internal loop of the brain, distinguishing it from the external control
loop described above.

The first internal loop actuated is the brain-hand loop, which alerts the hand or foot serving as a force sensor.

Thus the brain will request that the control stick be moved to the left and that a force sensor transmits an indication of
the amount of force applied. The brain keeps on requesting that the control be moved unlil the desired force has been
applied. The work can be chopped up as follows:

- order to move the stick

- request far information on force
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- transmission of information

- comparison between the measured force and the desired force

- corrective action

- request for new information, and so on

In this way the elementary action is done, a given force is applied to the stick and a second external loop begins to
check the elementary manoeuvre.

The pilot knows that the rate of roll should be closed to the desired rate, but he must check this, and stop the roll when
the twenty degrees of bank are reached. Then he calls by a second internal loop, the brain-eye loojp, for information
needed for external loop operations.

Just as above, the work can be chopped into several parts:

- order *o apply the scheduled force which assumes that the force is checked as above

- request for information about the bank angle

- transmission of that information

- comparison with the desired bank angle

- correction of the control force

- request for new information about the bank angle

If the pilot wants to make sure of the bank rate, the work will be complicated because the bank angle + will have to
be checked twice over a given time interval in order to estimate !A4

Once the pilot has changed tee bank angle, he should look at the effect of that maneuvre on the flight path. In order
to do this he must call upon a new internal brain-eye loop to transmit new information by lookting at the right instrument.

Ihis time an external loop is not established since it is carried out immediately by an action of the pilot. First, position
and direction information must be obtained from the I. L.S. indicator. Then, the situation is analysed, and a similar
but simpler method is used to modify the original procedure.

What we have described here is the process by which the airpath is checked in the I. L.S. system. If this is done with the
G.C.A. system, the information is obtained orally, and it is the internal brain-ear loop which is used.

It should be noted that in the latter case, part of the sitiotion is analysed by the G.C.A. ground controller who
"prepares" the procedure to be followed and gives not only positions, but also instructions setting the airpath to be
followed and the variation in rate of descent.

Now that this has been shown, we con return to our analysis of the work performed by the pilot: it can be divided as
follows:

- acquisition of general data on the position of the aircraft co nip.red with the intended path, and the attitude of
the airplane relative to the ground, that is, information on the parameters essential to short term and immediate
safety; (of course no, only position parameters but also their time derivatives are of interest)

- analysis of the situation and selection of a procedure to be followed based on the flight technique

- splitting of the procedure into ekementary manoeuvres and choice of their amplitudes
for each elementary manoeuvre, choice of the amplitude of the elementary operation on the controls

- action on a control and checking the effort by use of the internal loop brain-hand

- checking the manoeuvre and modification of the elementary action, that is the effort, by use of the internal
loop brain-eye which collects information on parameters concerned with immediate safety

- checking the procedure by analysing the parameters concerned with short term safety by use of the internal loops
brain-eye or brain-ear

So for we have only described the first part of the pilot's general activities in trying to maintain the flight technique.
Fortunately it takes much longer to describe the mancuvre than it does to perform it.

As soon as the pilot completes his first elementary manoeuvre, that is, twenty degrees bank angle, the internal brain-eye Z4

loop is activated to collect the necessary data for analysing the situation.

The situat;on is not necessarely as expected. For instance, a gust iray havu produced a decrease in velocity; the pilot j
may have consequently to change his strategy to deal promptly %, ith the new situation which is perhaps dangerous. A

Generally speaking, the pilot analyses the parameters concerning immediate safety first and then those for short term
safety. In other words, the first aim is to observe immediate safety in choosing elementary manoeuvres; once immediate f
safety is insured, the pilot is busy with the short term safety.
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This means, that once an elementary manoeuvre has been executed (and sometimes during the rnanweuvre), the pilot
should watch not only the parameters concerned with that manauvre, but also all the others.

This operation is controlled by the brain which focuses the internal brain-eye loop from one instrument to another. The
order in which they are scanned is controlled by a programme which has been memorized and ingrained in the pilot's
mind by experience;, or it could be the result of a logical deduction from reading the instruments or analysing the
situation. For instance, the pilot can skip reading the altimeter if the rate of climb indicator is still at zero, or heS~could skip readring the heading if the bank angle is zero. "

I"Note that the "non noble sensors" play a small part in this check over operation; they only interfere to warn the pilot
of an abnormal condition.

We have described in detail the development of a manoeuvre for which an external monitoring loop requires the use of
an internal loop, generally the brain-eye loop. In some cases, the pilot can perform a manoeuvre partially in an open
loop. It enables him to use his internal brain-eye loop to check other parameters and thereby quickly review his analysis
of the situation. In this way delays in the external loop during the check can be curtailed. This brings to mind a very
important fact:

All the mental processes involved in analysing the situation, selecting a strategy, evaluating the elementary manoeuvres
and control forces, as well as the collection of information after an internal loop instruction, all these are performed
one after the other except in very rare cases.

So the concept of the pilot functions can be summed up in the following way (figure 2).
There are three types of loops: the biggest one which is the shor term safety loop, the second one which is the immediate J
safety loop and the smallest one which is the contto! forces loop.

It is very important to note that the entire diagram must be made much more complex. As a matter of fact it is possible
to picture every output parameter coming from the airplane and every human sensor so as to obtain a great number of

loops of the three kinds given on the diagram. Let us notice also that at each mo,,ient there is only one loop in service,
and this is one of the fundamental differences between pilot and autopilot. The selection of the loop in service is made
by the central part of the brain, as represented at the top of the diagram, by means of order to the chosen sensor to trans-

• • mit the necessary data.

2. Definition

The mental workload may be defined as the processing of information by the human being; the information is coming from
the aircraft and the environment to the brain through the human sensors, eyes, ears, skin, internal ear and equilibrum
system, is treated in the brain for analysis of the situation, decision for action on controls, decision for asking for new
information and transmission of information to the environment (A. T.C.). Additionally the physical effort of the human
being on the controls in order to transmit the result of the mental processing to the machine may be defined as physical
workload.

3. Objective of the measurements of workload

Our objective should be to get the highest performance of the man-machine system, that is to say, the highest probability
of fulfilment of the rmission. The probability of fulfilment of the mission is related to some extend to the pilot work!oad.
Lis means we have to make sure that the human pilot is not too near the lower and upper limitations of ;Nis information
handling capacities. For instance, lower limit may correspond to monotony and upper limit to stress and the danger of
no safety margin.

4. Measuring methods I

Human engineering, or Anthrapotechnics as it is called in Germany, as such has the task of optimizing a man-machine
system in regard to pcrformance, reliability and cconomy [2 1 Within the frame of this paper, only the technical perfor-
"mance is to be considered.
Normally the control effort of the human operator and/or the result, i.e. the control quality are used for evaluation.
The evaluation methods differentiate in the approach of measuring these quantities (figure 4) [2].

As regards these approaches the following can be stated in detail:

4.1 Cnntrol effort

Let's begin with the measurement of the effort of control, i.e. the physical effort of the human operptor when operating
the signal-output. For reasons of measuring techniques, normally a scoring is arrived at, only for continuous control and
not for operation of within elements (main control and selectors). Example: stick activity of a pilot controlling on
aircraft. Decisions have to be mode individually whether an amplitude or a rate scoring is the better describing method.

It must be pointed out, that one can frequently assume defined positions in the error e"3rt plane by varying the system
parameters. Example: prediction display; here the position in the error effort plane ,s Iefined by the type of control
dynamics and the choice of prediction time (figure 5) [41.
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Figure 4: Evaluation of onthropotechnical optimrization
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Figure 5 : Position in .the error effort plone as a function of prediction

4.2 Mental workload

As could be seen from figure 1 the effect of mental load on the human operator becomes more and more important in

workload. Some of these apporoihes are listed below.

4.2.1 Measurement of inforration trasfer

We can try to define the amount of information going into the human pilot. However, we often can say what amount of

information is presented to him, but we do not know, what he is perceiving I Only under some very specific conditions
can we measure the direction of his attention. Eye movement recording is one example for this approach.

•,. . .-. .. ••: ;,••,.• . : .2, ;•, .-.. , • :,.:• " •., .. •z • -".;••-.• - ,o•'••-•'•- •' ; ' "'•:•'?• C4'• '• L -



18-8

4.2.2 Measurement of physiological parameters

A mental workload affects the physiological condition of the human operator. The question arises: is one able to draw
clear enough conclusions from the physiological data concerning mental workload level ? The answer to this has not
yet been given. The great problem still exists of the physiological results also depet.ding on other quantities such as
physical labour, environmental conditions like temperature, air humidity etc., and on the state of health of the subject
concerned r]. a

Besides these intraindividual variations there is a strong interlindividual variability. This means, the investigator has to
be very careful in the mathematical processing of his experimental data of different subjects (averaging etc.).

On the other hand it has to be pointed out at this time, that many methods which seemed to be useful, such as adrenalin-
measurement (which gives an integrated measure of the effect of human effort over a certain period of work.) or brain
wave recording, are only applicable in defined laboratory conditions but not in flight.

4.2.3 Measuring the performance canacity by subsidiary tasks

The less the human operator is taken up with his main task, the more capacity he has available for secondary tasks. WithSa" certain amount of restriction (coupling main-side task) the performance for the secondary tosk can be made to serve as

"•a measuring element. Secondary tasks can be as follows:

Mathematical test (such as DUker test)

Simple time-reaction tests

Choice-reaction tests

Tapping tests

Additional control tasks

While the first four types are being investigated at different places in Europe, the Americans have used an adaptive
tracking task with much success during the last years. If the main task is carried out successfully then the degree of
difficulty of the secondary task is increased until the perfcrmance for the main task decreases. Vice versa: the degree
of difficulty for the secondary task decreases again, when the errors for the main task increase too much. In accordance
with American results this type is much more sensitive regarding the changes in the main task as compared with those
of the above mentioned fixed tasks. The high degree of motivation of the subjects is worth mentioning; it is maintained
also for longer test series. The reason for this being, that although the demands of the system vary, the human operator
never becomes over- or underdemandedfor longer periods. Tests carried out here have confirmed the useability of this
method.

4.2.4 Exploration of subjective data

The most used method and the one requiring the least effort is questioning the subjects, i.e. obtcining a subjective
answer regarding the degree of demand. This method, in particular, requires a lot of care, in order to obtain the verbal
data from the subjects and to arrange them in a uniform, i.e. in a comparative manner, without the influence of the
questioner entering into the answers giveni.
Apart from that, it is impossible to obtain a continuous measuring value, as the answers comprise xnedium values for
certain periods of time.

A special problem is the "linearisation" of such rating scales and the standardization of the demand reaction level of
the individual subject.

Examples are the Cooper-Harper scale and bipolar scales (0 = zero workload, 100 = highest possible workload).

4.2.5 Learning effort

The effort of learning has not been much observed up to now, it seems, i.e. the time taken for the human operator, in
acquiring the dynamics of a system in such a way, so that he is able to react by a control signal appropriately adjusted
in its direction cad size. Apart from long-term learning, motivation, tiring effects etc., this state becomes apparent
when the error time curve becomes parallel to the time-axis. Another measuring method may possibly be, amongst
other things, a change in frequency and damping value of the time variable error curve. However, this is not proved
up to now.

When cdopting this method the considerable effort is in respect of the subjects, as one cannot, for instance, use a few
experienced test pilots (1 -2). One has to make use of so called "virgins", who have no experience with the control of
such dynamics (e.g. leomer-pilcts).

The choice of one or the other method should be made depending on how many aircraft of this type will be out into
service.
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4.2.6 Effectiveness

The measurement of effectiveness of a control unit and also of the human controller is the degree of achievement of
the task. This seems quite obvious, but as will be seen, is a very difficult state to realize in actual life. It depends
strongly on what has been defined to be the fulfilment of the task or in the contrary the error dimension.

As regards experimental psychology, on the findings of which Human Engineering or Anthropotechnics is also based,
one often uses time as a measuring element.

After 1945 the emphasis was on target designation using "time on target" (TOT) as the performance measure. Here, the
error is often made to directly sum up the value that were measured at irregular intervals, in order to formulate medium
values and thus arriving at learning curves etc. According to Kelley mostly a conversion to equidistant intervals is
required before a comparision with other measurements is possible 3 . Accordingly about 50 % more measuring data
is generally necessary for a comparison with amplitude mersurements.

Measurements are nowadays preferred that describe the error amplitude and its distribution. A successful measurement
is the medium squared error, i.e. the difference between the actual and the nominal values, and established for short
time intervals.

Presentation of these values, within a time frame, also supplies the sequence of learning, if the time intervals are
selected sufficiently short.

If the in ervals are chosen equal to test time, then one obtains the one measuring data frequently desired for com-
parisons.

It often proves essential to already differentiate for a 1-dimensional control task between the acceptable deviations;
this becomes clear with the example of a vertical control of an approaching aircraft and its upward and downward
deviations. In these instances a measuring factor proves efficient that registers distribution of relative errors, i.e.
the absolute value to the pre-selected acceptable maximum error. Here, one can especially take into account the
locally dependent changes of the tolerable maximum value.

5. Ccnclusions
This very shor" introduction does noi cover all the aspects of pilot workload measurements, but we feel it may be used

as a basis for discussions.

In spite of all the research effort which has been spent on this subject, it has to be clearly said that there is up to now
no inflight-method for continuous precise measurement of mental load, which could help us to adapt the machine to
the human pilot.
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SUMM2ARY

The present method of specifying flying qualities leaves much to be desired when the designer is
(aI coping with relatively new flight regions (e.g., lifting reentry), (b) evaluating new and promising
control concepts (e.g., load alleviation and mode stabilization), and (c) using the specifications
d.rectly as design information for the synthesis of flight control augmentation systems. These short-
ctmings might be overcome by one or more new methods that have recently been suggested. These range
from the expansion of the classical approach to new dimensions (i.e., catalog past experience including
new parameters such as "effective" control system time constant) to somewhat radical approaches that rely
completely on theoretical predictions of pilot ratings. Each new approach has its own limitations, but
the results of some very recent work indicated that the prediction of pilot ratings can be done fairly
accurately; in fact, within the normal range of pilot-to-pilot variability. It would seem, then, that
this prediction capability could be used to specify flying qualities. That is, with a well defined
"prediction procedure" (similar to "accepted methods" of predicting aircraft loads) the aircraft can be
designed to meet a level of predicted pilot acceptance (rating) instead of designing to limits of static
stability, short-period frequency and damping, etc. True, one cannot directly rely on flight testing to
show compliance, but one can use a flight-test-proven dynamic model of the aircraft, with the same rating
prediction procedure, to demonstrate compliance. Of course, the latter approach is only as good as the
prediction method. The admittedly biasi.I author feels, however, that the advantages of this approach
greatly outweigh the residual inaccuracies, and the time for acceptance is near. At least a few United
States aircraft companies feel this way also. The final answer to the question "are theoretical pilot
ratings ready for application?" is left to the reader for due consideration. But even better, try it for
yourself. "Paper Pilot" computer programs are available upon request.

IS A NEW APPROACH NEEDED?

The accepted method of establishing handling qualitiea criteria through. the correlatiorn of pilot
acceptance witk open-loop vehicle dynamic characteriatics of existing aircraft has certainly zerved the
test of time. Nonetheless, most workers in this field are well aware of the inherent limitations La this
approach. As a point of departure, a few of these deficiencies are listed below:

(a) extrapolating past experience into entirely new flight regions is difficult at best. For
example, the. new V/STOL specification (Reference 1) and the very new reentry yehicle specification iRef- I
erence 2) weri difficult to generate simply because of a lack of past experience in these flight regions.

The new specifications are finished, but everyone involved in their preparation is probably quite willing
to admit that further refinement based on acditional data will be necessary.

(b) waenever the vehicle dost "fly like an aircraft" the present criteria are of little value.
For example, when the pitch response is not predominantly that of a second-order system, short-period
frequency aad damping ratio requirements c&-.not be applied. This has not been a large problem in the
past, but current trends are towards more reliance on augmentation system, the necessity to ccnsider high-
order dynamics such as flexibility effects, and the possible employment of unconventional types of control
as with control configured vehicles (Reference 3). In each case, the pilot may experience effective
dynamics that are quite "un-aircraft-like". This problem is, of course, closely related to the previous
item.

(c) the form of the current specifications is not necessarily conducive to direct flight control
synthesis. Control system designers have argued that they must design a systcm first and then, if posible,
evaluate the augmented aircraft dynamics in terms of Lhe handlirnz qualities specifications. Although
strides have been made to remedy this problem (Reference 4), a universal answer is not yet available.

(d) the origin and/or reason behind a specific requirement is often not clear. Despite the fact
that backsround information of the form presented in Reference I is available, the physical re&-sc why
pilots do or do not want a certain dynamic response are often unknown. Certainly everycne wishes to

expand our tuderstanding in this area.

(e) the present specifications do not adequately address tne atmospheric disturbance question. It is
known, for example, that the same vehicle can be rated very differently in mild versus heavy turbulence.
However, the specified linear analysis parameters, such as natural frequency and damping ratio, do not
change with the magnitude of the gust disturbance (unless nonlinear control system effects are present).
Yet pilot acceptance with linear systems does vary with disturbance level. Improvements in this resp.ct
are obviously in order. The above facts at least suggest that some new approach may be in order. The
need became even more rpparent, however, in connection with the hover dynamic requirements presented in
Reference 1. This problem is covered in Paper No. 6 (Refererce 6) in more detail, but in short the speci-
fication appeared 'o be a function of the type of augmentation system being used. This, in turn, opened
the door to the consid-!ration of all possible augmentation systems, with serarate flying quality require-
rents for each. Such re, approach i7, r.f course, quite unacceptable.

WHAT ALTBRZIATIV':;S Ad AVAILABLE? 1
Accepting the need for sc¢te alternate approaches to specifying handling qualities, there are at least '
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a few candidates that are being, or have been, considered. The simplest method is to expand the catalog
of data, using simulators or variable stability aircraft, to include variations of pilot acceptance with
commonly used aircraft dynamic char.cteristics plus an "effective system" represerntation of other non-
aircraft-like dynamics. "Effective" means a generalized, yet simple, representation that will, hopefully,
fit many future designs. Such an effort is reported in Reference 5. ibis concept is straightforward,
but to include all types of possible vehicle/control-system concepts requires an endless series of data
collections.

Another approach currently gaining favor is some form of time history matching. Again, Paper No. 6
(Reference 6) discusses such an approach to the specification of iover dynamic requirements. This approach
also relies on an "effective" representation of a high order dynamic system with a low order equivalent.
however, its simplicity is appealing.

Another whole class of new approaches centers on the use of pilot models in one form or another. No
atlemp, will be made here to review pilot modeling and human response theory per se. Insted, only the
more. recent references that relate pilot models and handling qualities will be discussed. For a condensed
summary of this field see Reference 15.

Reference 7 contains a good simmary of pilot modeling as related to pilot acceptance ratings in
particular, and handling qualities in general, as of 1968. The ideas and data presented show a good quan-
titative correlation of pilot ratings with closed-loop performance and pilot model parameters. Simi.ar
trends have been us-,d before to qualitatively evaluate handling qualities. Later, Reference 8-10, end
Reference 6 to a certain degree, used these observations to perform some type of theoretical flying quali-
ties predictions or analyses. .

In particular, Adams (Reference 8) showed a somewhat quantitative correlation of pilot rating and

predicted closed-loop time constants using relatively simple pilot models. The eflect of turbulence was
not considered, however, and no attempt was made to formalize the procedure into a specification form.
His approach does, however, provide a rough estimate of pilot acceptance.

Neal and Smith (Reference 5) also used pilot models to explain the data obtained during a fairly
recent in-flight simulation program. Furthermore, they shoved good correlation between pilot rating,
performance (in this case "closed-loop resonance"), and pilot model parameters (pilot lead or lag). For
the pitch control case, they indicate how certain frequency-domain open-loop parameters (these include
the effects of control system dynamics) can be used to evaluate closed-loop characteristics and pilot
acceptance. Both their open and closed-loop parameters could be used as the basis for specifications,
but ti.o authors do not specifically propose this. Perhaps this omission is due to the fact that the
closed-lcpn. parameters must be obtained with a somewhat "arty" application of pilot-vehicle analysis throry.
That is, one person may arrive at one conclusion, while another person using the same inputs piroduces a
different result. Their open-loop parameter criterion, in turn, is proposed only as a "quicky" evaluation j
method; it is a somewhat oversimplified procedure. In any event, turbulence effects are not accounted for
in these evaluation procedures. This work is, however, being extended, and some of the above problems ray
be resolved.

RerWhile turbulence effects are not accouated for in any of the above approaches, Onstott and Salmon
(Reerece 0) howthat performance (in terms of root-mean-square-tracking errore_) in t-urbulence can be

predicted using pilot models. Their correlation of these predictions with ratings is, unfortunately,
limited. This work is also continuing.

Finally, Franklin (Reference 16) shows good correlations between pilot ratings and closed-loop
performance and workload (in this case root-mear.-square -ontrol inputs) in turbulence. Pilot-vehicle
analyses are also included to explain the results obtained, but no actual rating predictions are given.

Each of the above programs shows some legree of success in the theoretical predictira of pilot
opinion ratings. There remains a gap, however, between these efforts and an actual specification format.

Reference 9 attempts to fill this gap, and a discussion of the approach used in thi.; reference, and quan-
ative results to date, forms the remaining portion of this discussion. Before gcin; into this method,

however, it should be pointed out that all of the above pilot model applicati,'ns attempt to predict pilot
opinion ratings. This is primarily because these ratings are currently the ve.-y basi., of the existing
U.S. Specifications (e.g., References 1 arnd 2). Therefore, it seems that any alternate approaches mast
of necessity deal directly with pilot ratings. Thi- may or may not be true, but it is assumed to be the
case for this discussion.

THEE "PAPER PILOT" APPROACH

Reference 9 describes another alternate approach based on pi.lot models. Specifically, the longitu-
dinal dynamics of an aircraft in hover, with longitudinal random gust disturbances, are considered. A
procedure is described whereby a theoretical rating prediction is based on the following ex-ression
(Cooper Rating):

R=R 1+R2+R3+1.0

P.1 is a function of closed-loop performance in keeping displacement and attitude to a threshold level:

R = 3.8 ; o=x + iOaqo 0<R!,<2.5

and: c, = standard deviation of longitudinal displacement (x) in feet.

aq = standard deviation of pitch rate (q) in rad/sec. I
|
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VR 2 is a functicn of the lead the pilot furni.hes in pitch to get that performance:

R2=2.5TLe T4 = Pilot lead time constant in pitch (sec)

R213.25 O_<TLO<_5.0

R3 is a function of pilot lead in longitudinal displacement:

R3 =Tr<3.20 T• = Pilot lead time constant in longitudinal displacement (see)

The pilot model is specified to have the following form:

_x kp(Ts+l) e + 0e

where the time delay r is 0.44 seconds, and e-Ts mav be approximated by

-(s-21r); with
(2+2/T)

6 = pitch attitude

s = Laplace variable

6e = Longitudinal control input to the vehicle

kpx and k are pilot mod.el gains in displacement and pitch.

Using the above "pilot," and a linear simulation of the vehicle dynamics while hovering in turbulence,
the pilot model parameters are adjusted (within the given bounds) until the predicted rating is minimized
within a boundary on closed-loop stability. Other details (e.g., gust spectral density, minimization
procedures, etc.) are contained in Appendis B of Reference 9.

This may seem like quite a complicated procedure, but it is suppoed to zure all of the problems
azsociated with the conventional approach listed pre3.ioualy (at least for the hoyer-task). The claim is
ft•at: does it really work?

First of all, this procedure does an amazing job of predicting ratings and closed-1loop performance
compared to a series of fixed-base s!.mulations performed by Vinje and Miller. The following summarizes
the prediction "errors" for some 76 .Uifferent aircraft/gust configurations (Reference 11, Table VY:

Parameter Msean "Error"' "Error" Standard Deviation

R .14 .63oe (deg) -. 70 .48
aq (dsg/sec) -1.i2 .91 A

0o (ft) .28 .44
ou (ft/sec) -.14 .24

* = average difference between predicted and real pilot values.

The above predictions were made with a digital computer program dubbed the "Paper Pilot" (Reference
11) by simply inserting vehicle dynamics and gust level into the computer. The remainder is automatict
The re-',its speak for themselves, and at least for this data source the results are excellent. Other data
sources are considered in Reference 9, with fairly good results in general.

"CU.RES" TO PRESEIT SPECIFICATION "ILLS"

The following comments apply to each item listed previously:

New flight rejons: Once the task is defined, a similar p-ocedure may lead to valid rating predic-
tions. This, however, remains to be prov.n. Only one other (nos.-hover) task has been considered to date Z
(Reference 12). In that case, the Paper Pilot concept was applied to pitch attitude control of conven-
tional aircraft. The same pilot lead term, R2 , was used as in the hover inner (pitch) loop, but the
performance term, R1, was changed to:

0.1

0. 974-

where:

and oa is tne standard deviation in pitch tracking error (e:ai-) and oi is the standard deviation in the
random command inpuz ti). The performance term had to be changed from the hover task expression to
reflect the 'cor:-and input" versu• "atmospheric disturbance" tazks, as well as to represent the proper
control pareiet.!r The constants in the performance term were selected to match a set of fired-base
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simulator data obtained by Hall (Reference 13) in 1958. These "old" data were used because actual rilot
irodel parameters, and performance measures, are recorded; this is not the case with more recent iLata. A

The Pitch Paper Pilot, therefore, does provide predictions of rating, closed-loop performance, and pilot
parameters as does the Hiover Paper Pilot. In "both cases pilot parameters are selected by the computer
to minimize pilot rating. Iu this case, kp, and TLo are found using a time delay, T, of 0.42 seconds.

The prediction results in pitch are not as good as the hover correlations, primarily (we believe)
because of the limited data base; only 13 cozfigurations with performance and pilot parameter values are
available to generate the rating expression. In particular, predictions are very poor when the open-loop
short-period dampin~g ratio is small (below about 0.40). The Hall data correlations follow.

The low damping ratio cases clearly stand out. recent, unpublished, results indic&te that a better
correlation is found if the remnant normally associated with pilot describing functions is included in
the computation of 0. However, more data are required to resolve this deficiency.

Case Short Period Damping Ratio "Paper Pilot" Two Other Pilots

.35 10 10 10
b .75 10 10 9.5
a .20 b.08 10 10
d .35 5.09 7 8
e .75 4.69 3 2 4
f 1.0 4.65 6 3
g .20 3.76 10 10
h .50 3.13 2 6
i 1.0 3.20 3 1
0 .20 2.97 5.5 V
k .75 2.47 3 2
1 .75 2.0 4 2
m .35 2.13 7

Using this same computer program, more recent data from in-flight simulations were used to compare
actual and predicted ratings.

These results are presented in Reference 12. She correlasions with th- rost recent data from NT-33
flights (Reference 5) are shown below: (Cooper-Harper ratings)

Case Short Period Damping Ratio "Paper Pilot" Two Other Pilots

1D .6!) 3.1h 4.5-5 3-L
6c 2" -. 91 2.-5
2D .70 2.11 2.5-3 2.5
4A .28 2.36 5.5 5

5A .18 2.71 7 5-6
7C -73 .1.;2 3-3 1. 5-4
3A .63 i.91 4-5 4-4
8A .6s 1.88 2.5 4

(4-5 indicates repeat ratings of sane c~afiguration,)

With the exception of the low damping ratio casos, 4A a-nd 5A, the results are fairly good. However)
recalling that the original performance term was ob.ained using fVxea-base data obtained twel-,e years
before the INT-33 in-flight data, and the fact that the early results were for c.x--and tra.cking while tae
latter represented "overall flight ratings", we believe the corr,"stions ;-re rally quite good.

In summtry, it appears that the approach can ber applied to. oiher tasks L)d. therefore, 2_n vrh to new
flight regions where the task remains the same as that for the or:_vinal .att base.

Vehicle Doesn't "Fly Like an Aircraft": In die hx.vcr .- se, thu bw.-ic orediction proced=ure 'wi. u.ed
to determine the effects of the addition of a first-orcer lae, repres%-tatton of ,ctdetor (or "-ffectire"
control system) dynamics. Erly results, as shwir in eefercnro 9, follow:

Case Actuator Time Constent "Parer Pilot" Ottcer Pi.Vrt

PH3 0.10 sec. 4.i!4 4.0FH3 0.50 sec. 5.93 6.0

More recent results b.: eef,-reaece 11 show %n add:xiona- 428 CLfferent 'agecS with ;ilqttd actuator
lags, stability au;mentation system los, or both, Actual pilot ratings rangeod fron 2.5 co 6.0 in Coope,
units, yet in only 6 out of the 48 cses did tie ':rp•4er niil.t rating differ from the rero.pilot b:y wr"
than one rating unit! The lWftt rating ezror viý 1.69 a,)-ts!

For Ditch control, the s-er cc-nputr prograx tha.t wvs used with the Fail dn•ta .r.s 6,piied drecly

,•tl



to predict similar "effective" control system dynadenc, ai presented in Reference 5, based upon NT-33
flight tests. The results for dan.ping ratios greater than 0.3 are shortn b,:low (the cases are those pre-
sented earlier, only with the sirmuated actuator added):

Cue Actuator Tir Cone tant "Pa..wr Pilot" -No Other Pilots

ID .20 sec. 5.1P 6

.50 6838 8
2.0 9.44 8.5 8.5 1

6c 3.6 5. 5  -.303 5.30 5.5-8.5 T
.80 6.63 6-8 8.5-10

2D .083 2.43 -

.20 2.79 3 -

.50 3.50 5-6 5.5
2.0 6.08 6 6

7C .053 2.28 5.5 -
.125 2.54 6 5
.303 3.07 3- 4-4 7-7-7
.50 3.6, 5 6M

.80 4.76 - 5

3A .083 2.16 4.5 -
.20 2.25 4 3
.50 2.82 4

2.0 5.72 1 4

8A .053 1.91 3.5-
.125 2.55 3.5 3
.303 3.18 2 4 49
.80 3.22 2.5-3 5

With tue exception of the 3A block of data (where the real pilots apparently were "unconcerned" about a
two second time constant actuator!) these results are considered very good. Note that over all of the
cases the predicted ratings spar. from 1.9 tc 9.A1 (Cooper-Harper Units), while the "other" (real)
pilots' ratings varay from 2 to 10; clearly this approach can handle a large rating range ith quitereasonable accuracy.

A final e of no-sircra.-like dynamics comes from Reference 1. in this hover task, the
effects of artificial rate damnping saturation were investigated. In turn, Paper Pilot was used with the
nonlinear element replaced by Its random process describing function. The results follow:

Case "Paper Pilot" Other Pilot

4.6 4
P52 5.7 5.5

iPa'3 5.8 6

Based or this admittedly limited sample, the ability of the approach to hardle nonlinear effects is
zather dramatic at best, and worthy of further study at worst.

In summary, attempts to date to predict non-sircraft-like configurat.ons vith a procedure based
solelX on aircraft-like data have been successful.

1-

Control System Synthesis: Having the capability tc predict pilot acceptance for a specific flight
-cask imediately suggests licing the same procedure to iesi.n fliot ccntrol systems. Rtference 14 pre-
sents wu~t such a procedure using the Pitch Paper Pilot. Briefly, a perfcrnence measure of the form:

J= R+k z 2

is selacted. where R is pilot. rat•ing (as predicted by Paper Pilot), k is a constant, asd as is the stan-
dard deviatien of e!svator deflection rate caused by toe stability .ugmentaticn system (not the pilot).
A digital computer program is uzed to find control system feedback gains (in this case for pitch rate
and normal a•.elertticn) that =inimize J for a givr!, value of k. n-hen as k is varied, a configuration
is found that satisfies osSp& vhere oa is th-! a'-lowed authority of the atability augmentation system.
The reault is an augmentation system providing tie "best" fl$ing qualities (miniram R) for the allowablea,-horit-. J '
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The whole procedure has been programmed for the digital computer to provide an "automatic" system
design. The system so designed gave the augmented-airframe characteristics shown in the folloving table
(Reference ! _): ___

Pitch Rate and Normal Acceleration Augmentation

Flight Condition "Paper Pilot" Design MIL-F-8785B(ASG)
(T-33) (w)(4)(W) (0:

1 6.71 .787 3.5-11 .35-1.3
2 4.69 .799 2.5-9.25 .35-1.3
3* 2.87 .748 1.5-5.6 "t

4 9.93 .788 5.1-10.8 It

5 6.78 .812 4.0-10.3 "

6 4.03 .826 2.5-9.0 "

= based on a 3 sigma elevator displacement limit of 6 deg.
All the other cases lie on the 3 elevator rate Loun:ry of
26 deg/sec.

The resulting natural frequencies (rad/sec) and damping ratios for the six flight conditicas of a
T-33 aircraft fall in the mid range of allowable values.

The procedure can also be used (see Reference 14) to select augmentation authorities to meet a
specified pilot rating value. Using this approach, design trade-offs becote apparenx.

In summary, the above results are very encouraging, suggesting that this method or some derivative
of it can easily be used to synthesize flight control systems.

Atmospheric disturbances: As noted earlier, pilot models can be used to p-ec..ict closed-loop
performance under varying intensities of random turbulence (Reference 10). Since Paper Pilot also pre-
dicts this performance and ratings as well, the approach should be very useful in this respect. Only a
few examples are availabl-e to date. One is shown below for hover (Reference 11):

Case ag (ft/sec) "Paper Pilot" Other Pilots

PH13 2.6 2.08 2.5-2.5 I
P116 7.7 3.90 4.75-4.75 J

where everjthing was the same except for the gest standard deviation, og. The turbulence-induced rating
degradation is predicted quite well.

Once the follow-on results to Reference 10 are available (this newer work includes longitudinal
data) further examples can be prepared.

Reasons for the Requirement: Using the Pape- Pilot approach, the reason for the requirement is
quite apparent. That is, the pilot must be able to obtain good task performance (in the sense of root-
mean-square tracking errors) with a minimum workload (in terms of pilot lead generation) before the
flying qualities are considered acceptable. As utmospneric turbulence intensity increases, performance
and rating degrade. If higher-order aircraft d,,namics (e.g., actuator dynamics) necessitate increased
pilot workioad 1lad), ratings will be degraded. The desigaer can examine tht contribution of perform-
ance and pilot parameter to the rating. Thus, the reasons for the rating become very easy to understand
for a given task requirement.

"PAPER PILOT" PROBLEMS

Certainly there is another side to the story. It can be told in three parts, namely: (a) teclhmical
problems associated with the accuracy of the method (prediction accuracy), (b) technical problems associ-
ated with implementation, and (c) basic concept acceptance.

The technical problem of prediction accuracy cannot be overlooked. In the case of hover, the method
has never really "failed", in that it always produced a "rather accurate" estimation of actual pilot
ratings. Pitch control applications have not been as successful. In particular, cases of low damping
ratio and high natural frequency, as mentioned earlier, nave posed a problem. Nore uork i.: needed in this
respect. Also, applications to more than one tasri at a time may not be possible. This is not really a
problem for this method aline, however, since the current specification ruethod is likewise livited.
Secondly, perhaps applications to other tasks will not be as successful. This remains to be seen. Z

Finally, Paper Pilot must have an accurately-defined control task. This is not always easy to esitablish..

rechnical problems of application are, perhaps, more serious. In particular, Just how one showAs
compliance with a "theoretical" requirement ny, be the biggest problem. The approach cannot be flight
tested in the usual sense. That is, while a haadware-tyre pilot model might be mechanized, it would
also take a "standard gust" day to verify a design directly. However, flight tests could be conducted to
arrive at the best possible dynamic representation of the vwhicle, and these data used as iS nuts to the
computer program for a rating verification. Another approach would be to simulate gust inputs during

C t... _• , ,, ,• •, .. • •.: , -,.# ,•• . ,, • ,-,:,. "", ,-.••••;•. . .•- • . .. : = .•••• :• . ,• 1• •' :' ;"• -:•••
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flight test, measure actual closed-loop performance with real pilots, and reduce time history data to
obtain measured pilot parameters. Then tue specified rating expression could bn evaluated using these
parameters to demonstrate comp3lance.

The final problem, concept acceptance, has been interesting. Comments on the alternate hover
requirements discussed in Reference 9 ranged all the way from "great" to "ludicrous".

Paper Number 6 (Reference 6) discusses the general trand of replies to this alternate. In short,
nest constr-ctive comments were of the type "'... too new, not enough proof..." and "... cannot flight
test to show compliance."

Nonetheless, it is known from private communications that several organizations in the United States
are using the Paper Pilot. programs, or very closely related pilot-vehicle aalvsis mpthods. In- particular:

"'To aircraft companies have used the hover computer program. One checad
the results against V/STOL aircraft flight data with "excellent" results.
The other is using the program for company funded design studies.

Another aircraft conmlany is using similar procedures for all of its
current systems designs.

An autopilot manufacturer has developed his own version of the hover
computer program, extending the mexhod to include pilot remsant.

SpeciLic company names have not been used above since formal reports documenting these programs are
not presently available and some of the work itself is considered company proprietary.

Perhaps the best way, however, for individuals to weigh the overall concept is t3 use it. Paper
Pilot computer programs are available for hover and for pitch attitude control. For copies of these
write:

Paper Pilot
AFFDL/FGC
Air Force Flight Dynamics Laboratory
Wright-Patterson AFB, Ohio 45433
U.S.A.

T`r7 it!I
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.EDDISCUSIO

by
D.M. McGregor

National Aeronautical Establishuent
Ottawa, Ontario, Canada

Introduction

ihe information contained in Mr. Anderson's presentation on "Theoretical Pilot Rating Predictors"

is reviewed and some of the data analyzed and presented in a form different from that of the paper.

It is agreed that "the present method of specifying flying qualities leaves much to be desired"
and some sort of analytical approach to the determination of what pilots like and dislike is sorely needed.
I am sure that any pilot who has been through several handling qualities programmes during which the same
task is repeated as closely as possible for each of a large number of characteristics will concur. Attempts
in the past to correlate pilot ratings with performance indices or the placing of limits on a variety of
closed "oop parameters, having assumed a pilot transfer function, have met with only moderate success. The
concept c'f combining both these approaches to predict pilot ratings directly, as is advocated by Mr. Anderson,
is appealing and, intuitively, has merit. Unfortunately, the data presented in the tables do not appear to
support the claims of success contained in the text.

A detailed analysis of one set of data was undertaken to test the claims made and is contained in
this critique. Individual comments on the material are presented in the order of the original. Only the
draft of the paper was available to this reviewer; hence, some of the comments may not be applicable to the
final version. The reference numbers and table numbers are those of the original text while the lettered
reference applies to this critique.

Maximum Pilot Ratings

Each component of the Paper Pilot Rating (PPR) in the first-mentioned experiment (hovering) was
assigned a maximum value by Mr. Anderson as follows:

.R = 2.5
max

R2 = 3.25
max

R 1.20
3

When these were combined with the unity factor of the composite rating it was found that Rmax 7.95. How-
ever, the data shown subsequently contain ratings as high as 10! This discrepancy could not be resolved
from the text.

Comparison of Actual and Paper Pilot Ratings

One of the criticisms of numerical pilot rating scales as opposed to adjectival scales is that
statistical games will be played with numbers that are not statistically meaningful. If statistical indices
are used they must be adequately enough defined to enable the reader to assess their validity and sufficient
data presented to allow a check to be made of the results.

Table I

The results presented in Table 1 (Ref 11, Table V) appear to fall into both these traps since
neither the basic data were readily available nor were the terms defined. This reviewer interpreted the
parameters "Mean Error" and "Error Standard Deviation" to be

Mean Error £(PPR - Actual Pilot Rating)
Number of Ratings

Error Standard Deviation = /(PPR - Actual Pilot Rating)'
Number of Ratings

The first of these would always seem to be capable of erring on the low side, since any positive and nega-
tive errors would tend to compensate one another. A more meaningful index would be

* ZIPPR - Actual Pilot Ratingi I
Mean Error =Number of Ratings

but even this is of doubtful value. Having derived statistical evaluations of pilot ratings let us indulge
in some to make a comparison with Mr. Anderson's claims.

Table 2

Figure 1 is a plot of the data presented in Table 2 of Mr. Anderson's paper. It is seen that the
"Paper Pilot" is a very insensitive individual over the region of real interest in the rating scale - from
"2 to 8 - and he would be well advised to take up another line of work. The distribution of the results
appears to be merely scatter about a constant rating line of approximately 4 until agree--•nt is finally
reached (four times) in the upper right hand corner of the figure (Pilot Rating 1 10). At that extreme the
results are, in general, of academic interest only since the pilot and aircraft have long since parted
co--pany. However, the data were analyzed with all the points included and yielded the results su.arited
in the figure.
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Thai iz, the quantities defined were found to be:

Mean Error = 1.5

Meai Error = 2.3

Error S.andard Deviation =

if vhe Paper Pilot is assumed constant at the average of 4.64 the error standard deviation increases only
0.45 to 3.45.

In addition to these parameters, a least-squares linear fit was calculated for the data. It can
be seen to be quite different from the line of perfect agreement and, indeed, has a slope of only 0.44 as
compared with 1.0 for the perfect fit.

The standard deviation of the paper pilot ratings from the least-squares line (which apparently
is a significant parameter) is defined as:

-/(PPR - Least Squares P)±

Fote t S -unber of Ratings

For these data

aS = 2.04

To obtain a measure of how wel- correlatel the PPR and the actual pilots' ratings were, a so-
called Index of Correlation was computed (Ref A). This quantity is defined as:

r Sfi- •J

where ( = standard deviation relative to a line parallel to the actual pilot rating
axis through the average of the paper pilot ratings

VNo. of Ratings

- = (PPR)No. of Ratings

For the data of Table 2,

6 = 2.56

Consequently, the index of correlation for the data was a very poor

r = 0.61.

To ensure that these indications of a poor statistical signieicance were not entirely due to
differences between the two participating pilots, their ratings were c.mpared as shown in Figure 2.
Although this comparison was not conclusive, it can be seen that the least-squares line through the data
comes very close to the line of perfect agreement but the scatter keeps the index of correlation fairly
low at 0.85 which is still much better than the paper pilot's performance.

It would appear from observing the array of points in Figure I that one could almost match the
performance of the paper pilot by merely assuming a constant pilot rating. When this was done at a rating
of 4.64, the arithmetic average of the PPR's, the error steandard deviation rose only 0.45 rating point
to 3.45.

Considering these points leads one to the conclusion that the paper pilot does not do a good job
with the data of Table 2.

Table 3

The data presented in Table 3 from an in-flight experiment reported in Reference 5 has been plot-
ted in a similar fashion to that described above. Figure 3 compares the paper pilot with the real pilots
while Figure 4 compares the pilots with each other. A statistical analysis of these data was not performed,
but it can be seen readily that as a pilot the paper variety falls well outside the normal range of pilot-
to-pilot variability. Once again he is insensitive to changes of the handling qualities and it would appear
that a constant rating of approximately 2.5 would replace him nicely. Actually the least-squares linear
fit does show a slight slope of 0.16.

No such criticis=s can be made of the real pilots, since, although there is scatter in their
ratings, each has the sane trend. Mr. Anderson states that "with the exception of the low damping cases,
4A and 5A, (see Fig. 3) the results are fairly good." However, it is in the region of cases such as 4A
and 5A - with pilot ratings of 5 to 7 - wheia pilots experience the most difficulty in arriving at a con-
clusion and a device such as the paper pilot would be most advantageous. When the characteristics are good
the pilot can usually tell with a minimum of difficulty and when they get very poor there is no doubt of
the numerical value t" be assigned. This latter point is adequately illustrated by Figure 2 where the two
pilots converge ruyidly as a rating of 10 is approached. If the paper pilot fails in the difficult rating
area it would seem to b.- of questionable value.
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Results from Reference 31

Unfortunately, the data referred to in Reference 11 were not available to this reviewer, but the
claims made concerning them in Mr. Anderson's paper are not surprising. The range of pilot ratings cited
was from 2.5 to 6.0. If the paper pilot merely predicted the mid-point of this range, 4.25, the maximum
error would never exceed 1.75. Hence, the statement that the largest error was only 1.69 does not indi-
cate very startling results. The fact that only six out of forty-eight cases were in error by more than
one unit is encouraging, however.

Table

The data presented in Table 5 are plotted in Figure 5 and are seen to indicate that the paper
pilot is starting to learn a little more about conformity. No detailed statistical analysis was performed

Son these data due to a lack of time. Only a least-squares linear fit, which yielded a slope of 0.68, was
calculated. It can be seen, however, that the paper pilot fairly consistently assigns values lover than
those assigned by the real pilots and two fairly distinct levels, of approximately 3 and 6, seem to dominate
the graph.

From the results of Table 3, it would appear that the performance of the paper pilot would be
degraded significantly if the low damping cases (cases 4A and 5A) had been considered in Table 5. The ex-
clusion of them from the analysis appears to be avoiding an area in which the paper pilot has difficilties.

Non-Linear Effects

The three cases presented in Table 6 indicate that the paper pilot holds some promise for the
prediction of the influence of non-linear effects on handling qualities, but it may be premature to come
to this conclusion from such limited data. Some types of non-linearities would, no doubt, cause at least
as much difficulty for the paper pilot as they cause real pilots. An example of this is the problem en-
countered in several Jet-VTOL aircraft where handling qualities appear to be satisfactory as long as the
sideslip is held below a certain level. Exceeding this critical level, however, causes a rolling moment

larger than that available from the roll control system and the pilot loses control. If the limit is not
exceeded,acceptable or even satisfactory ratings can result, but pushing the manoeuvre just past the limit
due to a more aggressive performance of ths task or turbulence, for example, can produce an entirely un-
acceptable pilot assessment. Warning dev,.-es such as rudder pedal shakers and stick pushers are used to
alleviate such problems and how the paper pilot could account for the very non-linear problem and the
almost mathematically indescribable fixes is not appreciated.

Table 7

It would appear that a constant damping ratio of 0.8 would be as useful as those selected by the
paper pilot. This value happens to land almost exactly in the centre of the MIL-F-8785B(ASG) results '

shown in Table 7.

Paper Pilot Problems

Mr. Anderson has pointed out several of the difficulties with the paper pilot approach which
seem to this reviewer to almost invalidate its usefulness at its present stage of development.

Limited Task

Like all analytical approaches to handling qualities criteria, certain pilot inputs and outputs
must be assumed. The real pilot responds to so many different parameters, the weights of which are a
function of the phase of the task (and are, in any case, unknown), that it is not surprising that the paper
pilot must be limited to a single task to achieve any semblance of success. An accurately defined control
task, as required by this system, represents a very small percentage of the flight regime of any aircraft.

Verification of Paper Pilot

It is submitted that the paper pilot rating system can be put to the test by exactly the pro-
cedures outlined above to verify its usefulness. That is, meaningful comparisons with actual pilot ratings
obtained from flight testing with such devices as variable stability and actual aircraft.

Acceptance

This reviewer is convinced that ell that is necessary for a reliable analytical method of predict-
ing pilot ratings to gain acceptance is to be able to show that it works. Certainly, the pilots involved
would be more than happy if they could avoid the repetitive operation of data acquisition presently used
and such a tool would bring even the least imaginative handling qualities research engineers and aircraft
designers a flurry of excitement.

The basic difficulty of any ana3.ytical approach in trying to replace the extremely complex sensing
instrument called the pilot is that the latter is able, with varying degrees of success, to assess the
importance of a zrriad of parameters. These, for example, range from how the aircraft responds to control
inputs and external disturbances to the difficulties encountezed in reaching a particular switch at a par-
ticular time during the exercise.

Nevertheless, a paper pilot predictor producing positive postulations presents possibilities and
should be pursued.

Reference A: Daw, D.F., D.G. Gould and D.M. McGregor. A Flight Investigation of the Effects of Weathercock
Stability on V/STOL Aircraft Directional Handling Qualities. ZIC, NAE Aero Report LR-400, May
1964.
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RECENT U.S. NAVY FLYING QUALITIES RESEARCH

by
Raymond F. Siewert
Aerospace Engineer

Naval Air Systems Command
Depar•'ment of the Navy
Washington, D.C. 20360

SUMMARY

This paper presents the results of U.S. Navy sponsored flying qualities research conducted
over the past five years. Inflight variable stability airplane investigations were conducted in simu-
lated carrier approaches to determine the effect of the principle Flying Qualities Parameters on approach
performance. Limits have been established on the values of the major longitudinal and lateral-directional
parameters, to insure good carrier approach characteristics. In addition to the carrier approach studies,
moving base simulator investigations were conducted to further develop PIO criteria, and extend the air-
craft maneuvering potential at high angles-of-attack. The inclusion of maneuvering force gradient and/or
stick sensitivity has been determined as a requirement for a meaningful PIO cri'terion.

LIST OF SYMBOLS

9- Gravitational Acceleration Constant -32.2 feet/sec/sec.

Fs - Longitudinal Stick Force - Pounds.

L - Dihedral Effect - Had/sec/sec/Rad.

L - Incremental Lift Due to Elevator Deflection - feet/sec/sec.
e

L6  - Incremental Roll Due to Lateral Control Deflection - Rad/sec/sec/in.
a

M6 -Incremental Pitching Moment Due to Elevator Deflection - Rad/sec/sec/in.e
N6 - Incremental Yawing Moment Due to Lateral Control Deflection -Rad/sec/sec/in. r,

S- Aircraft Normal Load Factor - g units

nzJa - Normal Load Factor Per Unit Angle-of-Attack - g per rad.
a

V - Flight Velocity - feet per second

1 - Altituaw! Reversal Parameter - I/sec.

a Angle-of-attack - Deg or rad.

- Roll Mode Time Constant - see. 'CTrm

TsP - Spiral Mode Time Constant - sec.

- Thrust Response Time Lay - sec.Tt

00Sp - Short Period Frequency - rad/sec.

- Lateral Directional Frequency - rad/sec.

ST, - V/STOL Longitudinal Short Term Mode Frequency - Rad/sec.

r - Short Period Damping Ratio.

Cd - Dutch Roll Damping Ratio.

- V/STOL Longitudinal Short Term Mode Damping Ratio.

y - Flight Path Angle - Deg.

4k.
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2 INTRODUCTION

U.S. Navy flying qualities research has traditionally proceeded along two broad lines. First,
emphasis is put on seeking answers to those flying qualitias problems peculiar to Naval aircraft and
secondly to contribute to thL solution of flying qualities problems of general interest, particularly when
a unique Navy capability or facility exists.

The operation of an aircraft from a ship at sea is probably the most unique and well known of
Navy peculiar problems. The landing of a high perf-irmance aircraft aboard a carrier has often been
described as the most demanding and dangerous r all routine aircraft operations. It therefore follows

that a considerable amount of Navy flying qua' ties research is directed towvrd improving the safety and
operational capability of future carrier base' aircraft.

Utilization of the human zentrifuge at the Naval Air Development Center (NADC) as a flying
qualities simulator to investigate spins, high angle of attack maneuvering and PlO criteria is represen-
tative of research efforts undertaken to exploit a unique Navy fac!--ity. These programs are again aimed
at improving the safety and operational capability of tactical aircraft, a goal which has elways motivated
the establishment of Navy flying qualities research objectives.

This paper su mrizes the results of Navy sponsored flying qualities research o-er the past

five years. Due to spaee limitations, only the highlights of the various programs can be presented.
Those interested in more detailed results and analyses are invited to consult the references from which
the material presented herein was derived.

DISCUSSION

Carrier Approach:

During the past several years, the varrier approach problem has been under intensive attack
both analytically through the use of pilot models, and experimentally in ground based simulators and

variable stability aircraft. The impetus behind this continued research effort has been to reduce the
carrier landing accident rate, which has historically exceeded the land based accid-.nt rate by a factor
of ten or greater. The present paper discusses the results ob.tained utilizing the Princeton Variable
Stability Navion in simulated carrier approaches.

Experimental Procedure:

The variable stability airplane used in these tests was a single engine, propeller driven,
two place North American Navion. A complete description of the airplane and its variable stabijity and
turbulence simulation system is given in reference (1). Basically, the system provides independently
variable forces and moments about five axes; only the side force characteristics of the airplane are not
alterable. However, the lateral directional simulation was not compromised since the sideforce charac- 2
teristics ir slideslip of the test airplane were comparable to those of current jet fighters, the class
of airplane which was being simulated. The airplane's dynamic, control, and turbulence response
characteristics may therefore be modified ever a wide range. The basic evaluation task was a simuated
landing approach to an aircraft carrier. The simulated approaches were made to the Princeton runway
having a width of 70 feet, corresponding to the painted area of a carrier deck. Glide slope, information
was proviced by an optical landing aid which simulated the Fresnel Lens Optical Landing System used on
all Navy carriers. A diagram of the flight procedure appears in Figure 2. With the exception of the
variable approach speed tests to be discussed later, all approaches were flown at an approach speed of
105 knots airspeed approaching a carrier with 3U knots of wind over deck. The entire simulation,
including the artificial turbulence, has ueen rated by Navy carrier qualified pilots to be quite repre-
sentative of the task.

Longitudinal

The longitudi--al control task in carrier approach requires extremely tight control of altitude
and airspeed while tracking an optical glide path display which increases in sensitivity as the aircraft
nears the landing spot. This in turn involves the interaction of all of the aircraft longitudinal
response and control modes. These have been studica singularly and in combination with the following
results:

Short Period Vrequen-f and Normal Acceleration Response:

It hpý now become accepted that the basic parametf rs governing the longitudinal response
characteristio. are the short-period frequercy and the normal acceleration per unit angle of attack. In
order to e~tablish limits on these parameters, several flight investigations were conducted and reported
in refernces (2), (3), and (4) with the results as sho.'i in Figure 2. Also included to demonstrate the
consistancy of the data are selected points from an U.S. Air Force stidy utilizing the Cornell Variable
3tability T-33. The flight data are comparea with the rpsults of a recent U.S. Navy sponsored moving
base simulator study of reference (5). It can be seen that while the flight data are all consistent and
aoxee well i%-th the simulator data for the lower frequency values, the higher frequency bouzidary of the
s.mulator tends to be extremely conservative. Thin difference may be due to two methods usea to fix the
control system characteristi.-s in t.le simulator and the aircraft. In the aircraft the control displace-
ment gradient was held constant, thus as the rrequency increased, the maneuvering gradient (Fs/g)
increased, while at the sane time the pilots were allowed to choose the optimum conrrol sensitivity. In
the simulator, the gradient was held constant at 12 pounds per g, thus as the frequency increased, so did
the control sensitivity. This resulted in a tendency for "nose bobbling" at the higher frequencies, exen
with the high value of airframe damping ( .7) that was used.
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The results of the simulated carrier approach t.-sts are also compared with the current U.S.
Military Specification, reference (6), in Figure 3. These data substantiate the specification require-
ments, within the limits of the variable stability Navion (nz/. less than 3.3 cannot be obtained due to
limited flap travel).

Tail Lift

The adverse effect of tail lift on tight altitude control, was suspected to contribute to the
piloting difficulties, particularly in close-in situation, where the sensitivity of the optical landing
aid was increased. In order to verify this thesis, a brief flight investigation was conducted. The basic
short period characteristics were selected to meet the Level 1 requirements of reference (6). as shown in
Figure 4 and the value of the tail lift parameter (La /V/Nde) was evaluated at zero and -. 1. The results
indicated that the Pilot Rating varied markedly as a !unction on the pilot technique and background. In
those cases where the pilots noted tail lift problems, they described the effect as floating or lofting
on push-over ard settling on pull control. The maximum value of the tail lift parameter of -. 1 resulted
in an average Pilot Rating degradation of one rating upit.

Flight Path Stability and Thrust Response

The longitudinal short period characteristics and tail lift investigations established limits
on the parameters governing the short term altitude response of the aircraft. The reference (7) investi-
pation also undertook to determine limits on the long term altitude response characteristics, namely
flight path stability and thrust response. The values of the flight path stability parameter l/T•h and
engine thrust lag were varied c•ver a broad range, while maintaining the short period characteristiis as
shown in Figure 4. The results of this investigation are compared with the requirements of reference (6)
in Figure 5. The data indicate that for reasonable values of engine thrust lag, the specification require-
ments are adequete, but as engine lag increases, pilot altitude control problems increase, and the air-
craft is barely acceptable, even though the flight path stability meets the Level 1 requirements. While
acceptable characteristics can still be obtained with the present generation turbofan engines, future
engine developments will have to be closely watched to insure that allowable thrust response lags are not
exceeded.

Approach Speed (Closure Rate)

There is a continuing tendency to correlate increased carrier landing accidents with increased
approach speed. One such correlation, taken from reference (8) is shown in Figure 6. In an attempt to
isolate the effects of approach speed on CalTier landing performance a study was undertaken where the
closure rate was varied from 95 knots to 125 knots, while maintaining constant values of the aircraft
dynamic characteristics. A comparison of height at the ramp (a key carrier landing parameter) between the
results obtained with the variable stability airplane and those obtained in actual carrier operations is
shown in Figure 7, It can readily be seen that within the accuracy of the data the approach performance
of the test airplane agrees with that obtained in operational use. It was concluded in reference (9),
that based on 60 recorded landing approaches, that no significant correlation, positive or negative, of
carrier landing accident rate with approach speed could be formulated from the results of these tests.
Thus the effect of approach speed is still open to question.

Lateral - Directional

While glide path control is of paramount importance in the carrier approach, the lateral-
directional characteristics are not to be neglected, particularly with respect to heading control. An
arrested landing off center by more +han 15 feet can cause severe damage to an aircraft. In order to
establish limits on the basic lateral - directional characteristics, the investigations of references (12
and (10) were undertaken. Although these experiments included investigations of lateral control sensi-
tivity, a lateral control power, yaw due to lateral control, only the effects of basic dynamic response
chlracteristics will be discussed here; however, a thorough treatment of these topics can be found in the
re •rrences.

Figure 8 presents the effect on Pilot Ratind for variations in rolling time constant, Tr' ard
dihedral effect, Lg at near optimum control sensitivity, with zero yaw due to lateral control. The resulting
iso-opinion lines indicate that it is desireable to have a little stable dihedral effect, but not too much.
The higuc," values of LS are undesireable due to the increase turbulence response of the aircraft, while
the low effective dihedral results in large yawing motions, which could result in a landing accident. The
higher values of roll time constant cause precise control of bank angle to become difficult. Having
established limits on LS and Trm, the effect of dutch roll frequency, wd, on Pilot Rating was investigated.
As shown in Figure 9, there exists a maximum and minimum value of this parameter. Again the maximum value
is associated with excessive turbulence response; however, in this case the minimum value of bid is
associated with the inability to maintain heading. Of particular note is the steep gradient of Pilot
Rating as the frequency is decreased below one radian per second. Experience with several carrier aircraft
exhibiting low dutch roll frequencies has born out these results.

LOW ALTITUDE HIGH SPEED FLIGHT (LARS)

The results of a Navy sponsored moving base simulator study in the LAHS flight regime presented
in reference (11), caused considerable discussion among the experts at the time. These results indicated
'hat there was no upper frequency limit, with regard to the short period dynamics, a conclusion that was
in direct conflict with existing variable stability airplane data. In order to clarify this apparent
discrepancy, an F-8D aircraft was fitted with a specially modified Lear-Siegler Autopilot which providea
a variable frequency damping capability and short period frequencies comparable to those investigated in
the reference (11) simulator study. During the time between the inception of the F-8D program and its
readiness for flight, other investigators had shown that the upper frequency boundary does exist and
tha'; it is a function of the load factor to angle of attack response (nz/*). Reference (11), never
attained frequency values high enough for the large value of nz/a that was used in the tests. However,
it was decided to pursue the F-8D flight tests in order to help fill the void in the amount of flight
data in the LARS region. The results as obtained in reference (12) are compared with the reference (11)
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simulator data in Figure 10. Tho flight datd 3hrw reaaonable aftgement with the simulator dpta at thr
higher frequen-ies, but pour correlation at the lowe" frequency values. lotvever, a word of caution
conceining the applicability of the flight results is in order. The char-eteristics cr the autopilot
introduced a "real root"ir the frequency range interest, thu.; the classic second order .ystem nov becomes
third order, with effectively at'.anuated rV.ponse rharacteristic.,. Thns I.. turn accounts for the sluggish
pilot rating at the lower frequencies. It is not ':nown how nici, the "real root" iufluencgd '.he pilot
assessment at the higher frequencies. The presence of the "real rood" should not invalidate the flight
data. as tle pilot rating and~pilot commpntary are still vali,! for a system with these charecteristics.
WMat remains to be done is to compare the resultz of reference (12), with those obtained on a "pure"
second order system so that one imay bc.tter determine how to establish handling qualities requirements
for highir order systems.

In order to make the PIO criterion of reference (11) more readily useable, a reftnement of .
the basic boundaries vni; propose, in referenice (13). This refinement put forth a PIO criterion which
was a function of the tiro 'o ,n:-:p , ore -tenth amplitude and maneuvering force gradient and longitudinal
stick sensitivity. While conciderabl.e substantiating date were presented in reference (13), the soundness
of the cy~teria is still in oisputa. In order to shed additional light on the PIO problem, the moving
base simulator sutyd of refertnce (.l1) was conducted.

This investigatic-a utilized the Naval Air Development Center (NADC) human centrifuge as a
moving base simulator. The centrifuge was constrained to the gimbals only mode, that is only pitch a.d-
roll rotational degrees o! Preedom were present; however, this should not have affected th. validation of
the results. As pointed cut In reference (l4) simulator correlations with an:ttml flight data were
excellent for non-PIO flight conditions. The resul.te of the reference (l4) study are shown in FiguLre 11,
where excellent agreement with the reference (13) criterion 3s indicated. Cme of the principal conclusions
of reference (l4) is that the inclusion of maneuvering force gradient and/or stick sensitivity rz used in
reference (13), is necessary in a meaningful PIO criterion.

SPIN SIMULATOR

The continuing loss of high performance aircraft to stall/spin accident- led to the conclusion
that if a realittic ground basea spin simulator could be developed, intensive pilot training and proficiency -
could 'e maintained, which should result in reduced aircraft losse!- With this goal in mind, a program
was undertaken utilizing the human centrifuge at NADC, to answer two basic questions. First. is spin
simulation feasible? Second, if It is feasible, then what degree of fidelity must che simulator have, to
be an effective trainer?

The answer to the first question was affirmative, as indicated in reference (15). To illustrate
the characteristics of the simulator, a typical spin time history is shown in Figure 12. Shown in Figure
12 are the pilot control actions during an actual spin encountered in an F-4 aircraft, and a similar spin
in the simulator. The agreement is quite good, even vith regard to timing of the control applications.
Several experienced pilots agreed the simulator characteristics were very close to those encountered in
flight.

In order to get an answer to the second question, that of degree of fidelity, the simurlator
was run 4n the following three modes:

1) Static - no motion.
2) Gimbals only - rotational motion.
3) Fully dynamic - dynamic force field.

As can be seen in Figure 13, which was obtained from reference (16), the majority of the pilots rated the
fully dynamic mode excellent. However, the gimbals only mode may be realistic enough to be used as an
effective spin trainer, thereby reducing the cost of such a device considerably.

CURRENT FLYING QULLITIES PROGRAMS

A progran h&s recently been initiated to develop V/STOL flying qualities criteria, utilizing
the variable stability (-22A V/STOL aircraft shown in Figure 14. This program is being conducted by
Cornell Aeronautical Laboratory under joint NASA, U.S. Air Force and Navy sponsorship, with the Navy as
the lead agency. The initial program will be a S'W'L landing investigation, both visual and instrument,
to deterrine the effects of approach angle and closure rate on aircraft dynamics requirements. The test
mp+rix for this investigation is shown in Figure 15. Future programs will include lateral - directional
STOL iu--estigations, as well as transition and hover.

Another current program of interest is the determination of flying qualities criteria to insure
adequate trackirgaccuracy during high angle of attack maneuvering. This investigation will be performed on
the human centrifuge simulator at NADC. The results will stress pilot tracking performance, as well as
pilot rating, with the objective of developing meaningful criteria in this flight regime.

CONCLUSIONS

1. Through systematic investigations in the Princeton Variable Stability Navion, the effect of the prin-
ciple Flying Qualities Parameters on carrier approach performance have been determined., and limits
established on the values of these parameters to iL'sure good carrier approach characteristics.

2. Additional moving base simulator data further substantiate a previously proposed PIO criterion and that
such a criterion should include maneuvering force gradient and/or stick sensitivity as a parameter.

3. A realistic high fidelity spin simulator has been developed. This simulator should be an excellent tool
for further investigations of post stall and incipient spin criteria to fully utilize the aircraft



maneuvering potential in flight at high angle of attack.
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MALD DISCUSSION

by D Lean
Royal Aircraft Establishment, Bedford (UK)

Mr Siewert's paper has reviewed a very wide-ranging research programme on flying qualities require-
ments. To do it justice would require more time ard space than a lead discu,,,sor is allowed, so some
sele'tion is necessary. The first part of the paper is concerned with the particular requirements of
carrier-deck-landing aircraft and is the topic on which this reviewer feels best qualified to comment.
The second half of the paper, on the other hand, is not strictly concerned with Naval aviation (although
the work was sponsored by the US Navy) but touches on a variety of topics, any one of which could become
the subject for heated debate between experts.

The cause and cure of pilot induced oscillation problems in low-altitude, high speed flight, is
such a topic. Mr Siewert himself has made a significant contribution in this field, but, as he says, the
soundness of his proposed criterion is still in dispute. The later simulator data from NADC (Reference 14)
confirms the proposed criterion, as Figure 11 shows, but there is flight data, from the Air Force Flight
Dynamics Laboratory, for example, that reports unacceptable PIO tendencies in conditions well inside the
"no PIO tendencies" zone of Figure 11. This later work deals with the effects of higher order control
system dynamics and so should be comparable with the F-8I) data.

It would be interesting to hear Mr Siewert's views on this situation. It does seem to us, ti RAE
that reviewing and correlating other workers' handling qualities data is just as important as producing
new data. Any proposal for a new criterion simply must take account of all earlier data, unless there are
good strong reasons for rejecting some of it.

Just a brief word on the spin simulator results before getting on to the more strictly Naval asp-ots
of the paper. The results which 11r Siewert reports are certainly encouraging, and the objectives very
worth-while. One ouspects that t'.e numbers of iircraft lost during spin investigations and in training are
comparable with those for genuine inadvertent spins in Service. It is not clear from Figure 12 whether the
simulated spin refers to a particular aircraft, or is simply a typical example. 7e believe that the F-4,for example, can show a variety of spin characteristics, requiring different recovery actions. If such a

training simulator can teach tne pilot how to recognise what type of spin he has to contend with, real
progress nil: have been made. But, is it thought that the input data, particularly the rotary derivatives,
and at extrese angles of attack and sideslip, will be good enough to reproduce these various forms of spin
correctly?

TMe first half of Mr Siewert's paper deals with problems that are more familiar to this reviewer,
as a one-time member of a small group that was formed in RAE in 1943. It was abundantly clear then that
the carrier deck landing manoeuvre was, as LIr Siewert says "the most demandinr. and dangerous of all routine
aircraft operations". Landing accident rates w.re frighteningly high in those early days - up to 25% on
some early war-time operations - and there was a desperate need to help designers to produce better deck
landing characteristics, as well as to see if procedures could be improved.

This small group studied the INaval pilot's problems throughout the whole period of change-over from
propellers and tail-wheels to jets and tricycle gears, zhrough new deck-landing techniques, angled decks
ard the introluction cf the first optical glide path indicator - the mirror landing aid.

T-hen we began this work, handling qualities research, as such, had scarcely been born, so we started
with the simple observation that some aircraft ned a good reputation for deck landing, others were rated
"bad". Accident statistics helped in this grading process, but experienced pilot opinion was heavily
relied upon. The problem then seemed simple enough - to find what characteristics made the pilots happy,
and what must be avoided.

First, a simple framework of rules was drafted. In the handling area, these were concerned with
items such as the lift and trim changes due to power adjustment, the time to climb from one glide path and
settle on a higher one, the time to bank and stop at a new angle and the time to perform a sidestep
manoeuvre, and so on. Then, by direct measurements on several samples each of the "goc•." and "bad" air-
craft, we attempted to put numbers to these requirements.

This was elementry stuff, of course, and no dramatic changes in the state of the art were expected
or realised, though we collected a lot of data on what went on during actual deck landings. But today's
emphasis on the detailed parameters, derivatives and coefficients which define these manoeuvres coutrasts
strongly with our lormer pre-occupation with the manoeuvres themselves. There seems to me to be some
danger of losing sight of what, exactly, the pilot needs to be able to do. The definition of frequencies,
dpmping ratios, control powers, time constants, etc, is of immediate help to the designer, but do they
necessarily define a good deck-land-ng aircraft, and does failure to meet one or more of these criteria
necessarily define a bad one? This question becomes particularly relevant as control systems become more
complex (e.g. manoeuvre demand etc.).

The question being asked is whether the precise tasks against which the pilot ratings are assigned,
and the acceptance standards for the finished product, are sufficiently closely related to what the good
typical deck-landing aircraft should be capable of doing. In order to be sure that the criteria now being
developed are really relev.,nt to the real deck-landing task, one would like to see a lot more data from
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actual landings on the nature of the longitudinal and lateral manoeuvres that are now required, and on the
pilot's inputs and responses. Simulation, both ground-based and in-flight, is a valuable tool, but one
would like to see more evidence of validation using real operational experience.

Great care has obviously been taken to make the variable stability Navion experiment as realistic
as 1assible. But, of course, several features must have been omitted. The "deck" did not move nor did it
have "hard" edges. Real turbulence generated by the ship is intense but very localiaed, not uniform
thxoughout the approach. The prescribed approach path is just clear of it - but only just. The mean sink
rate of 11 ft/sec on the approach meant that the Navion could not carry on to touch down as a real Navy
airtcraft could have done. A wave-off, or at least a flare had to be performed, and the data of Figur 7
auggest that this was already under way at the mp, the Navien being higher than usual at that point.

This suggests that the evaluation proper must have concluded before reachi the ramp, and have
bcsn confined to the 30 seconds or so of steady approach. This, of course, is very short by conventional
approach assessment standards. A lot would depend on the evaluation pilot's skill in making an accurate
turn on to the final glide path. Were deliberate errors introduced here, to force some element of
manoauvring during the final 30 seconds? Only average pilot ratings are quoted in the paper. Could poor
ratinTs be related to the amount of sanoeuvring that was demanded? It does sem to us that this in an
evaluation exercise where more than ordinary care is needed to define the task precisely. This is
particularly so, I suggsat, when comparing the results of real or simulated deck-landing studies of
desirable characteristics with those from ground-based simulators. You cannot reproduce the "tight-rope
act" environment of an actual deck-landing in a simulator, but, against this, the assessment period can be
made to last as long as the pilot wishes. If it is too long, he may apply different standards. For
instance, we found, when first looking at the problem of flight on the back-side of the drag curve, back
in 1950, that all our Naval jet aircraft then landed happily with quite marked negative speed stability,
(time constants of 20 ceconds or less), whereas their shore-based counterparts ware much lees tolerable.
It was argued that soma speed divergence did not matter too much for the short final carrier approach, but
did bother the pilot on a long straight approach for a couple or minutes or more, ashore.

The above remarks are not intended to dIeery the value of the impressive amount of data that the
Navion experiments have produced. Uuch of it shows gratifying agreement with Mil Spec 8785. But without
careful scrutiny of all the quoted references, the message In some of the examples, given by Mr Siewart
is not too clear. At first sight, Figure 2, for instance, implies that, given the freedom to chose the
optimum stick force per 'g', almost any combination of frequenoy and damping can be made acceptable - all
the points get a rating of 4.0 or better. The Navion used values from 3 to 10 lb/g in the simulated
carrier approach tents, yet all received about the same rating - 2.6 to 3.5. What should the designer
aim for?

It would he surprising if the importance of manoeuvring force gradient (stick sensitivity) in the
carrier approach has not already been studied, as it has been in relation to the low-altitude, high speed
phaso. There are obvious differences In the two tasks, and perhaps one of the more important is the
duration - the carrier approach lasts only )0 seconds or so, whereas the LARS task could, in principle, go
on for hours. But it is interesting to note the pilots' cements about "nose bobbling" in both the limiting
cases Illustrated In Figures 2 and 10. They occur at frequencies differinr by a factor of about 5. The
quoted explanation of the pilot's problem in the carrier approach case is that the stick force per g was
not the optimum in the ground-based simulator teats, whereas the Navion pilots could choose the best force
gradient. In the .-ense that the "nose bobbling" tendencies in the ground-based simulator were not reported
in flight when higher stick force/g levels were used, these results seem consistent with the principle of
the PIO criterion. It would bu interesting to know whether further analysis of tho carrier approach
requirements along those lines has been made or is proposed.

On the whole, homevor, the trends indioated by the Navior' teats all look reasonable. It is particul-
arly reassuring to oeo that attention Is drawn to the importance of engine thrust response - there is a
potential problem area here, which engin designers need warning about. Unfortunately, this question of
thrust control seems to fall into one of those "grey" areas, between the airframe and engine designers'
spheres of responsibility.

?inally, one comes back to accident rates, which is what this work is really all about. Phe rates
are still too high, but not so high, surely, that we can treat them like any other statistic, and seek some
correlation with a simple parameter like approach speed, as was attempted in Reference e. Every accident
is an individual event, separately investigated and a prime cause determined. Weon if all the data on
Figure 6 referred to heavy landings and undercarriage failures only, there would be no reason to expect any
correlation with approach speed over a rrnge of aircraft. The specific studies with the Havion, to which
Mr Siewert refers (.eference 9) shows that, other things being equal, approach speed, per s, does not
affect the accident rate. ?.any other factors affect the risk, and some of these factors can eaange the
accident rate wi*.h no change to the aircraft at all. The angled deck and mirror landing aid, together,
reduced the rate to 1/3 its former value, and these innovations were introduced in the time period covered
by the data in Figure 6.

The present Paper has been concerned with flying qualities, seeking improvements that will reduce
these risks. The optima we arc looking for are certainly elusive - they may even be non-existent - so how
does one know when to stop?
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OPEN DISCUSSION

R.O. Anderson, AFFDL, USA

We have looked at some of the F-8 data that Mr. Siewert mentioned using paper pilot approach.
For the power approach configurations, the Paper Pilot predictions of pilot rating were In quite good
agreement with the F-8 results. For the low altitude, high speed cases however, the machine ratings
were very nearly constant, but real pilot ratings varied quite a lot. It seemed that pilot rating was
almost directly correlatpd with Lotal short neriod damping, and we are now using this trend to predict
ratings when the short period natural frequency is high, and the damping ratio is small, say, less than
three-tenths.

R.F. Siewert, U.S. Navy

SBeware that the F-8 data is not classical second order.

R.P. Hlarper, Cornell Aero, USA

Could Mr. Wanner or Mr. Deque coment on the backside during approach shown in Mr. Siewert's
Fig. 5 with respect to the Concorde?

J-C. Wanner, France

The figure 5 seems to be very close and I don't see any large disagreement.

W. Bihrle, Grumman, USA

We found that we could put the pilot well on the backside and surprisingly the pilots had little
difficulty. We did this experiment on a moving base simulator. At the time we were missing engine audio
cues and therefore this was a conservative result.

Regarding Hr. Siewert's comments about bein• diabolical, we really were trying to be diabolical.
We first establish the validitv of the parameter w n/NZa and then we restricted ourselves to values
which would be involved during the landing task.

A few points regarding w 2n/Nza , (1) the lower boundaries are unique values and apply throughout
the flight regime, because it is based on the threshold value of human perceptibility of
angular acceleration, and (2) damping ratio per se, anything over .15,plays a very small function in
terms of the abilfty to perform control tasks.

H.A. Mooij, NLR, Netherlands

I agree with Mr. Bihrle's coments.

What about direct-lift-control? .and Nz/a and 1
0=2

R.F. Siewert, U.S. Navy

The direct-lift-control is only a vernier control in our application. The debate between Nz/a
and 1 is still underway.

re 2

I.L. Ashkenas, Systems Technology, lnc., USA

The issue of I/T82 versts n;, which has been raised is something I .on't wan. to get involved
with here. However, T would like to point out that there is an alternative explanation for Mr.
Siewert's Fig. 6 which shows a model-predicted accident probability versus l/T62 rather than versus
approach speed (as in Fig. 6). The historical trend of l/T82 has been down while approach speed has
been going up. The physical significance of 1/T8 2 Is that it theoretically constitutes a measure of the
path-following bandwidth or time-response. Accordingly, low values imply larger path-following errors,
greater dispersions and increased accident probability. Furthermore, in some special tests conducted
at NATC, Patuxent, we actually measured the lags in manual following of a quasi-randomly disturbed
optical beam for n variety of service aircraft. The results were consistent with theory in that air-
craft with low values of l/T82 exhibited larger lags than those with high values.
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RECENT NASA HANDLING QUALITIES RESEARCH

Richard J.Wasicko
NASA Headquarters, Washington, DC 20546, USA

SUMMARY

A comprehensive review of NASA research results documented since the mid-1960's and
some recently completed programs on aircraft handling qualities are presented. In addition
to handling qualities research pertaining to vehicle stability and control characteristics, in-
vestigations related to specialized piloting tasks, cockpit displays, and environmental factcrs
are summarized. The background leading to NASA's handling qualities research activities is
discussed, and programs that have received major emohasis are indicated. For general
aviation aircraft, the survey includes investigations aimed at improving handling qualities
by inccrporating increasingly sophisticated stability augmentation and display systems,
simplifying the approach and landing task for relatively inexperienced pilots, and establishing
the basic effects of turbulence. Research on the specialized piloting problem of steeper
instrument approaches for noise abatement and investigations with a representative first
generation aircraft are reviewed in the section on subsonic jet transports. Supersonic cruise
aircraft programs include a variety of simulation studies related to supersonic transport
designs and flight tests with the XB-70 aircraft. Investigations ,f high angle of attack loss
of control problems and a flight study of direct lift control utilization for formation flying
and aerial refueling are discussed in the review of tactical military aircraft research. The
section on powered-lift STOL aircraft summarizes the flight research investigations with
eight experimental aircraft and the supporting ground-based simulation studies. For
VTOL aihcraft, the survey includes research on *the handling qualities of helicopters,
hovering and low-speed characteristics of jet VTOL's, displays and advanced stabilization
systems for IFR approaches to an instiument hover, and flight tests of experimental aircraft.

1. INTRODUCTION

The purpose of this paper is to review NASA's recent research on aircraft handling qualities. Where appropriate,
the review will include the background which led to various handling qualities research activities, will indicate the
programs which received major emphasis and the manner by which individual investigations were related to an overall
effort, and will outline some of the primary program results and conclusions. Although representative data will be
presented, it is not an objective of this review to discuss in detail any single research investigation or group of
studies. Such information can be obtained from the references cited.

Classicaly, handling qualities research has emphasized the aircraft's stability and control characteristics, and
research results for the most part have been formulated in terms of vehicle responses to pilot control inputs or
parameters related to aerodynamic stability. In recent years, however, tne introduction of sophisticated augmentation
systems and cockpit displays, the renewed recognition of the importance of atmospheric turbulence and other
environmental factors, ar.d the delineation of specialized piloting tasks have resulted in an expanded concept of
handling qualities. In Reference I, Cooper and Harper define handling qualities as "those qualities or characteristics
of an airciaft that govern the ease and precision with which a pilot is able to perform the tasks required in support
of an aircraft role". They also point out that, in addition to stability and control characteristics. the task, pilot's
stress, cockpit interface, and aircraft environment are factors that influence handling qualities. This broad d&fiaition
of handling qualities is used to establish the scope of NASA's research which will be reviewed in this paper.

Handling qualities research documented since the mid-1960's forms the primary basis for this paper. In
addition, the review includes some programs that have been completed but not yet fully reported and several
that are still underway. The paper is organized according to an aircraft type/mission categorization and discusses
NASA's research for general aviation aircraft, subsonic jet transports arid supersonic cruise vehicles, tactical military
aircraft, powered-lift STOL aircraft, and VTOL %ehicles.
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2. GENERAL AVIATION AIRCRAFT

In the early 1960's, NASA initiated a flight evaluation of a representative cross szction of general aviation
aircraft. Onie of the primary objectives of this investigation was to assess the handling qualities of this class of
aircraft for a variety of operations, with particular empnasis on instrument flight and ILS approaches in adverse
weather conditions. The seven general aviation aircraft used in this study included both high- and low-wing con-
figurations and were single- and twin-engine powered. As reported in Reference 2, the evaluations by a large sample
of pilots indicated that, for visual flight and during instrument flight in smooth air, the handling qualities were
satisfactory. However, atmospheric turbadence degraded the handling qualities, the effect being most noticeable
during ILS approaches where the increase in pilot workload made precise instrument tracking difficult even for
experienced instrument-rated pilots. At about the time the seven general aviation aircraft flight evaluations were
being completed, a separate flight investigation was being conducted (Reference 3). This investigation showed
that with the aid of a simple wing-levelling stability augmentation system, a non-instrument-rated pilot was capable
of sustained instrument flight and limited radio navigation, permitting recovery to visual flight conditions from an
inadvertent instrument situation. These two flight studies pointed out the importance of the instrument flight
operation in turbulence and indicated the potential benefits of augmentation systems. The results of these studies
were used to form the basis for most of NASA's recent general aviation handling qualities research programs.

A concentrated effort has been underway for several years to investigate possible improvements in the handling
qualities of general avaiation aircraft by incorporating increasingly sophisticated stability augmentation and display
systems. Flight evaluations have been made with a six-place, low-wing, twin-engine aircraft that is representative of
personal-owner general aviation aircraft involved in instrument flight operations. The initial study investigated the
use of cockpit-displayed angle of attack information during low-speed flight operations, including take-offs and
climbs, maneuvers, and both visual and instrument approaches. As reported in Reference 4, the flight evaluation
exposed certain fundamental complications with this display that tended to negate some of the expected advantages.
For ILS instrument approaches, the use of the angle of attack display did not significantly alter either the pilot's
workload or the degree of accuracy with which the task could be performed. In the next phase of this program,
a yaw damper combined with an aileron-to-rudder interconnect for turn coordination was tested. The evaluation
included flights with the yaw-damr.r-interconnect system operating concurrently with the aircraft's basic autopilot
in both the heading-hold and win5 3-leveler mod-s. Although the system improved the lateral-directional handling
qualities of the basic aircraft and both autopilot modes during visual ard instrument flight in light-to-moderate
turbulence, and reduced the pilot's workliad during ILS instrument approaches, the improvement in the pilot's
overall performance of the ILS approach task, was not significant. The yaw damper was effective in reducing
aircraft motions during stalls and simulated engine failures, and provided the pilot with more time to take corrective
actions. Reference 5 documents this flight investigation.

The most recently conml'eted research in this program evaluated rate and attitude command control systems
and advanced displays. The command control systems were installed in the pitch and roll axes. During the investi-
gation with the rate system. the flight tests were conducted with a rate damper in the yaw axis. During the study
of the attitude command system, a yaw-heading-hold Lontrol loop incorporating an automatic cutout switch for
turning maneuvers was incorporated in addition to the yaw damper. In both cases an aileron-to-rudder interconnect
was utilized for turn coordination. The advanced displays included a horizontal situation indicator with a coursc
deviation bar and an attitude indicator with flight director command bars and both glide slope and hocalizer error

information. Figure I shows the increasingly significant handling qu.iities improvements achieved in these tests. As
reported in Reference 6. the combined use of the advanced displays and attitude command control system transformed
the representative general aviation aircraft into a vehicle that bordered on being perfect from a handling qualities
standpoint during ILS approaches in turbulence. Other effects of the command control m. stt ins. including gust
alleviation and responses during stalls and after sudden engine failures. were evaluated and are discussed in Reference 6.

As part of its general aviation program. NASA is sponsoring investigations by several universities and research
groups. The investigations are aimed at improving the performance and control characteristics of light aircraft and
simplifying the approach and landing task for relatively inexperienced pilots. These programs, still in progress, are
considering revised aerodynamic configurations and new aerodynamic control devices. Reference 7 reviews the status
of one :ffort that includes a new wing design with spoilers for lateral control to ,!liminate adverse ya% effects and.
by symmetrical deflection, for direct lift flight path control during the landing approach. Another program, described
in Reference 8. concerns the design of a light aircraft that would fly at a constant pitch attitude and would require
a minimum: of pilot commands for satisfactory operation. In a third program, spoiler/dive brake systems are being
studied for flight path control during the total landing task including approach, flare, touchdown. rollout. and go-
around. Design characteristics of several spoiler controllers and resuits from preliininar% flight evaluations are
reported in Reference 9. Figure 2 presents the ran,.c of pilots' rating, of their touchdown point accuracy obtained
during early VFR investigation. to optimize a single lever integrated throttle-spoiler controller. These tests
established desirable design characteristics of the flight path control system and indicated the potential benefits
from utilization of spoilers.

A basic investigation of the effects of turbulence on handling qualities has been in progress under NASA
sponsorship for several years. Although not specificall. directed toward general atiation aircraft. the study has used
a variable stability light aircraft and is most appropriatel. reviewed in this s.-ction of the paper. In this program.
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in-flight evaluations have been made to determine the independent and interacting effects of turbulence-induced
aerodynamic disturbances and aircraft dynamic response parameters. The first investigation, involving the lateral-
directional mode, used an IFR heading control task and studied the influence of the magnitudes of roll and yaw
aisturbances, turbulence spectral bandwidth, and correlation between ro!! and yaw deisurbances. During this phase
of the program, the aircraft's roll damping, directional stability, Dutch roll dampinr, ratio, and aileron yaw characteri-
stics were selectively varied. Reference 10 summarizes the lateral-directional itivestigation, which is reported in detail
in Reference 11.

In the more recent study, reported in References 12 and 13, an ILS approach task was used to determine the
effects of turbulence on longitudinal handling qualities. Variations in the magnitudes of both pitch and heave
disturbances, turbulence bandwidth, short pediod dynamics, and lift curve slope were evaluated. Figure 3, shows the
significant influence of the pitch disturbance magnitude on pilot ratings. In addition to presenting experimental data,
both References I I and 13 include closed-loop pilot-aircraft systems analyses which substantially support the pilot
rating results and the flight test performance and workload data.

NASA's recent general aviation program has included a university team's review of the NACA/NASA-generated
literature that has been published since 1940 and is considered applicable to the design of light aircraft. The survey of
published information on performanlce, stability and control, and handling qualities is contained in Reference '4.

3. SUBSONIC JET TRANSPORTS

Recent NASA handling qualities research related to subsonic jet transports has been concentrated primarily in
two areas - the special piloting problem of steeper instrument approaches for noise abatemnent, and hanuing
qualities investigations with a representative first generation subsonic jet transport. 1 i:'. background and reasons for
each of these programs are different and will be reviewed separately.

NASA initiated preliminary flight studies of steeper approaches with conventional fixed-wing aircraft in the
early 1960's. The interest at that time was for potential reduction of noise under the approach path and reduced
terminal area airspace requirements. The tests used three widely different aircraft - a C-47, 1-33 and DC-8F - to
determine the capabilities of both aircraft and pilots to make steeper-than-normal instrument approaches, to establish
the maximum glide slope for operational use, and to isolate problem areas. Special equipment used in the program
generated straight glide slopes for most of the approach followed by flare path guidance to touchdown. As reported in
Reference 15. the investigation indicated that the maximum operational giide slope for the three aircraft was 6 degrees.
This angle allowed a margin for steepening the flight path without airspeed increases to take care of gusty conditions,
wind shear, and other inadvertent flight path deviations. Although the pilots feltthat 6-aegree instrument approaches
with flare path guidance could be flown consistently down to 100-foot altitudes, there was careful qualification in
Reference 15 that this conclusion was based on the clear weather and good visibility conditions of the tests.

The increased awareness in the mid-1 960's of the subsonic jet transport njise problem in the vicinity of airports
brought about an intensified NASA program on steeper approaches. Since experimental measurements indicated that
the larger portion of the total noise reduction was caused by the reduced engine power associated with the steeper
approaches, the program became an investigation of flight procedures for approaches at reduced power settings that
would be safe for day-to-day operations by pilots of average skill. Two factors influenced the next research effort
that was undertaken. First, to bL operationally practical, the steeper approach profiles had to be within the capability
of a wide spectrum of jet transports; second, the day-to-day operations, unlike the preliminary tests noted above, had
to include bad weather conditions. Consequently, six jet transports ranging from a twin-engine executive aircraft to a I
four-eigine intercontinental commercial transport were used to investigate single- and two-segment steeper approach
profiles under simulated 200-foot-ceiling instrument flight conditions. The aircraft varied with regard to the type of
flight director display installed, autopilot capability for coupled approaches, and availability of an autothrottle. A
progress report on these tests is contained in Reference 16, and the final results are documented in Reference 17.
Although the flight evaluations of more than 600 approaches confirmed the earlier result that 6 degrees was the
maximum usable glide slope and was within the capability of each aircraft tested, the program essentially concluded
that the pilot's tracking performance and overall workload on the steeper approaches were unacceptable for day-to-day
routine use.

Reference 16 reported observations representing an extrapolation of the then-current work. One of these was an
indication that improved method, of flight path control were needed. This led to a separa.e flight evaluation of the use
of direct lift control as an aid to flight path control during the steeper approaches. Using an zvailabl, US Navy F-8C
aircraft with a I)LC system modified from the configuration previously used in carrier landing studics, these tests

indicated favorable effects of DLC (especially when used in conjunction with automatic speed control) on piloting
performance and workload for both single- and two-segment steeper approaches. The results of this flight study are
reported in Reference 18

The research program reported in References 16 and 17 used basically unmodified operational jet transports. In
order to determine the importance and benefits of various possible aids to the pilot for improving his tracking perform-
ance and reducing his workload, a major combined simulator study and flight investigation with a highly modified
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research jet transport was undertaken. The systems evaluated in this program included specialized pitch flight director
computations, an autothrottle, automatic pitch trim follow-up, a pitch rate-command/attitude-hold system, a cathode-
ray tube integrated display, direct lift controi and lateral-directional stability augmentation. In both the simulator and
flight tests, single-segment, two-segment, and deceleration approach profiles were used, the latter two being evaluated
by a total of II pilots from NASA, the FAA, and a commercial airline. Reference 19 presents preliminary results of
a portion of the total program. Additional information is contained in References 20 and 21, and the complete
investigation is documented in Reference 22.

It was determined hiom this research that two-segment noise abatement approaches could be flown in the
modified jet transport with the same precision as a conventional instrument landing approach without a significant
increase in the pilot's workload. The relative importance of the systems evaluated in the tests was established for
the two-segnment approaches, and information was obtained about the piloting problems for the other noise abatement
approaches. It must be noted, however, that in this program a complete evaluation of noise abatement approaches
under adverse operational conditions, including bad weather and equipment failures, was not made.

The most recently completed NASA reseaich related to steeper approaches involved flight studies of an alternate
concept for providing flight path guidance information to the pilot. A graphic vertical situation display with a
pictorial analog of the glide slope profile and an aircraft symbol with attached velocity vector was tested in a snmall i
twin-engine aircraft. The method by which the display was implemented is described in Reference 23, and the test
results are summarized in Reference 24.

In the mid-1960's interest in very large subsonic jet transports for both military and civil airline use led to a NASA
program on the landing approach handling qualities of the response characteristics expected for such aircraft. Results
from the ground-based and in-flight simulator study are reported in Reference 25. During the same time period in which
this investigation occurred, NASA research on the handling qualities of supersonic transport designs was underway.
Although the published literature did not contain extensive flight measured data and associated pilot evaluations fo,
operatio;ial traitsporis, one of the design objectives for the large subsonic transports and the supersonic transports was
that their handling qualities should be as good or better than those of the jet transports then in serAce. The availability
of a first generation jet transport led to a recent NASA flight program aimed at documenting its handling qualities and
response characteristics to provide a data base for comparisons with future proposed hzndling qualities criteria.

As part of the documentation program and because of its importance in transport design, the latt ral control
capability needed for maneuvering during approaches and landings was investigated. By mechanically limiting the
pilot's control wheel rotation, the roll .ontrol power available to him was varied. Simulated laterai offset approaches
were performed at altitude in addition to simulated instrument approaches to a 200-foot visual-breakout altitude with
a subsequent 200-foot offset correction and actual landing. The results of the investigation are reported in Reference 26,
which also includes comparisons of the experimental data with several proposed roll criteria and with the resuli.s of
related studies. As shown in Figure 4, the two test techniques did not producz the same results for reduced roll contro,
power configurations, indicating that the actual approaches were more demanding than the simulated maneuvers at
altitude.

In the main documentation program, four pilots evaluated the hanaling qualities of the four-engine jet transport
under VFR conditions while performing typical transport operational maneuvers w;thin the aircraft's normal operating
qight envelope. At specific flight conditions, pilots also rated individjal aircraft response modes, such as tihe phugoid.
short period, spiral and Dutch roll, as well as the longitudinal and lateral maneuvering control characteristics. The
results of the flight evaluations and comparisons of the experimental data with various handling qualities criteria and
requirements are reported in Reference 27.

Reference 28 documents the results from a flight investigation of generaized roll requirements for transport
aircraft in cruise flight. The study was performed with a modified Jet Star general purpose airborne simulator

incorporating a model-controlled variable stability system and was the first handling qualities research effort using this
in-flight simaulator. At the time the investigation was performed, the aircraft was not cleared for low altitude operations
with the variable stability system functioning: consequently, the flight evaluations were formed for only the up-and-
away cruise condition. Figures 5 and 6 show some of the results obtained in the investigation of a wide range of roll
time constants and levels of roll control power. Extensive comparisons of the experimental data with the results of
other tests and with several flying qualities specifications and proposed criteria are contained in keterence 28.

4. SUPERSONiC CRUISE AIRCRAFT

NASA's research efforts on the handling qualities of supersonic cruise aircraft have involved two types of
investigations. namely, a variety of simulation studies concerned witn different potential problem areas related to
several flight regimes and flight testing of a large supersonic aircraft. The primary impetus for this research was
the commercial supersonic transport development programs.

The supersonic transport simulation studies performed by NASA in the early 1960's were generalized investig-
ations of stability and control characteristics that might result in handling qualities significantly different from those
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of the first generation subsonic jet transports. At tha iit.. SA's theoretical and experimental aerodynamic
programs were exploring the performance capability ev.i .,apersonic transport configurations, including
fixed-geometry delta-wing designs and variable-sweep n,',drations. The evolutionary nature of the aerodynamic
studies limited the availability of deta;I, I stability and control data for the simulation programs. Early handling
qualities efforts included the ground-based simulation (Reference 29) of variations in longitudinal parameters for
a delta-wing design and a combined ground-based and in-flight simulation investigation of lateral-directional
characteristics of variable-sweep configuatioi,-, both studies being concerned with the instrument approach and
visual landing task. Reference 30 summarizes the experimental results from the lteral-directional tests, with a
more detailed description of the program and additional analyses of the results documented in Reference 31. The
later-.-directional investigation w?.s supported by the theoretical pilot-vehicle analyses reported in Reference 32.

By mid-1960 the fixed-geomety and the var-able-sweep designs were still in contention for the US supersonic
transport development, and a major NASA in-flight simulation prczram was undertaken to investigate the accept-
ability of the handling qualities of each design for instrument lanrding approaches. The test configurations included
the unaugmented aircraft responses for both designs and the characteristics expected from different stability
augmentation system mecha., i ,ns. The variable-sweep design was also evaluated with an aft center of gravity -
location and for an emergency ,nding with the wing in its cruise-sweep position. Reference 33 describes the
program and presents correlations of the experimental data with military flying qualities specification requirements
and several proposed handling qualities criteria for transport aircraft.

Also underway during the mid-19b0's was a joint NASA-FAA study directed at the interactions and problems
associated with supersonic transpori flights operating under air traffic control systems procedures. A NASA ground-
based simulator was linked by telephone lines to an FAA air traffic control faciiity simulator, and both departures

and arrivals were made under ATC control. The in;estigatioi, resulted in experimental data on severa! potential
operating problems, incm ding aircraft overspeeds as reported in Reference 34 and 3-K, and also indicated flight path
control difficulties for the pilot during supersonic climbs and descents. The benefits of a more sensitive pitch
attitude indicator and vertical flight path command guidance information for supersonic operations are reported in
Reference 36. Thrust management problems noted in Reference 36 also provided additional motivation for the
general simulation study (Reference 37) which investigated the use of displays presenting rate of change of speed,
potential flight path angle, and potential rawe of climb for imp;'ev1d thrust control by the pilot.

Recent NASA simulation programs related to supersonic transports have been primarily concerned with the
take-off and final landing flare maneuvers. Reference 38 reports the results of a fixed-base simulator study on the
influence of different ground-effect characteristics during the landing flare of a delta-wing supersonic transport
configuration. As shown in Figure 7, the pilots' evaluations were influenced by the magnitude of the control force
required to flare tL aircraft and by whether the nose-down trim change in ground effect was apparent prior to flare
initiatir.n. The investigation documented in Reference 38 inc!ided pilots' assessments of die ground effect
"parcteristics for both a subsonic jet transport and an ogee-wing modified FSD-I aircraft for comparison purposes.

Ground-based simulation progams oni supersonic transport take-off characteristics have been underway by
NASA since the mid-1960's, initially with a fixed-cockrit ,nd more recently with a large amplitude moving-base
simulator. Although the factors of primary ;iterest in take-off simulations are usually considered to be aircraft
performance characteristics. handling qualitie- have at influence on the pilot's task performanLe. Earlier rese.'rch.
reportd in Reference 39. established the requirements for valid take-off simulations and achieved successful
duplicotior of tat.e-off certification tests using characteristics of a subsonic jet transport. Preliminary results from
the study of take-eff characteristics for delta-wing an. variable-sweep su.ersonic transport configurations are
contained in Reference 40. and a detailed description of the fixed-base simulation program for a double-delta design
is presented in Reference 41. The most reiently reported effort relates to a joint NASA-FAA program with British
and French participation that was aimed a! the .levelopment of certification criteria for supersonic transport take-off.
Reference 42 presents some of the results from the moving-base simulator investigation that has involved reference
performance, abused and operationa' take-offs. rie simulator's use in developing an accepted airworthiness
_r.quirement for the niininmum climbout speed with one engine inoperative is discaseJ in Reference 42. and data
"iarc presented on pilot action times dturing simulated refised take-offs.

A systematic parametric study of w:,inimum longitudinal handling qualities for tran-port-type aircraft at
cruise conditions was recently performed in flight with the modified Jet Star general purpose airborne simulator.
Altheugh the investigation was not directed specifically at supersoni. transport handling qualities, the resu',s are
considered to be potentially applicable to certain failure mode -ituations for such aircraft. The pilots' evaluations
of the .ffects of control column feel characterist':s. short period damping. and static stability, including negative
static margin levels. were made under daý ,ight VFR conditions in smooth air. These evaluations included assessments
of several n'aaeuvers as well as typical transport cruise tasks. Figure 8 presents the prim,. y study results that were
rblained with a constant pitch control effcctivenesý and a :t.nstant f( rce-deflection gradient. The daia indic.,tc that
for ze conditions -.f (ie evaluations a tcinspart coul." h;.ve acceptable handling ou.dlities f(.r failure mode operations
with some static instability if t' e damping was suffizient. Several test con, ,tions near the minimum s' ibility boundary
were reevaluated in thie flight investigation by changing the control feel grad.:.nt and gearir. and it %ýas found th"' "
taie basic contrei characteristics uis.d in Ct:. primary evaluations were generally within the range of values selectei as
best by the pilots.
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During the 1960's NASA participated with the USAF in joint flight tests of the XB-70, a large supersonic
cruise aircraft. In the early envelope-expansion flight testing of this aircraft, an emergency occurred at a Mach
number of 2.6. During the. ensuing deceleration and descent, a low frequency unstable pilot-induced lateral-
directional oscillation was experienced when the stability augmentation system was turned off. Reference 43

discusses the events leading to the pilot-induced oscillation and presents an analysis of this handling qualities
problem. The preliminary handling qualities evaluations made during the initial XB-70 flights are reported in
Reference 44 which also contains compadisons of the experimental data with several proposed handling qualities
criteria for transport aircraft. In tne late 1960's, an extensive research program was performed with the XB-70,
emphasizing aerodynamic, propulsion, and structure technologies and some handling qualities problems. Although
the study of landing approach handling qualities was not a primary objective in this program, data were obtained
from approaches and landings made at various approach speeds and with different glide slope angles and lateral
offsets. Reference 45 summarizes the flight experiences with the XB-70 during landing approaches and presents
the handling qualities data acquired during the tests.

The primary resufts from pilots' evaluations of the XB-70's handling qualities throughout the entire flight
envelope are summarized in Reference 46 and compared with various handling qualities criteria based on different
stability and control parameters. Figure 9 shows the trend of pilot ratings for two piloting tasks with the parameter
determined by the longitudinal short-period natural frequency and the normal acceleration change per unit angle
of attack. This was found to be the best parameter for correlating XB-70 longitudinal ratings, including those for
an accurate altitude and speed hold task performed during sonic boom tests. Reference 46 also presents data on
the roll rates experienced in various flight phases during routine XB-70 flying which indicate that the highest roll
rates occurred in landing approach manetvers. A more detailed statistical survey of the XB-70's responses and
contro! usage is reportad in Reference 47.

S. TACTICAL MILITARY AIRCRAFT

Two reviewable programs involving research on handling qualities of tactical military aircraft were conducted
during the 1960's by NASA. The first involved investigations related to loss of control at high angles of attack
and post-stall spin-entry behavior. In the second program, flight evaluations were made to study the potential
benefits of direct lift cortrol in formation flying and aerial refueling.

Concern about the relathely poor handling qualities of several tactical military aircrzft at high angles of
attack and their poor stall and spin characteristics led to a recent NASA research program involving wind tunnel
tests, zaalyses, and simulation. Flight time histories illustrating the directional divergence, or "nose slice", response
experienced with a swept-wing fighter at angles of attack near the stall are presented in Reference 48. This report
contains static wind tunnel test results for the basic aircraft and also for configuration modifications aimed at
delaying or eliminating the instability. In addition, it presents an analysis indicating the dynamic characteristics of
the observed "nose slice" divergence. The essential character of the divergence was reproduced in the investigati,,-"
(Reference 49) that indicated a fixed-base sirrulator could be used to study stall and spin characteristics of fightL_

aircraft. A description of a recently developed ground-based simulator suitable for tactical military aircraft handling
qualities research is presented in Reference 50.

The extensive inid-1960 interest in direct lift control as a means of improving longitudinal handling qualities
during landing approaches of Naval carrier aircraft and large jet tiansports was the motivation for a NASA flight
investigation of the potential application of DLC in the up-and-away flight regime. A variable-stability fighter was
modified so that in addition to their use for roll control the ailerons could be deflected symmetrically as DLC
flaps. Flat actuation was integrated with the pilot's control stick, and the flap-horiiontal-stabilizer interconnect
ratio wa- selected by the pilot to achieve the best overall response. The first a..ries of flight tests indicated that
the pilot's vertical stationkeeping task during formation flying coul,• be eased significantly by using the integrated
DLC controller, Thes,' tests were followed by an evaluation of the effect of direct lift control and pitch damping
augmentation on the precision and ease of performing the in-flight refueling task. Actual hookup:- with a jet tanker
were made using the probe-and-drogue refueling method. Figure 10 presents some of the results obtaiied for one
pilot during the hookup period. Both pilots involved in the tests noted a definite improvement with either pitch
rate augmentation or direct lift control over the basic aircraft, and one remarke,' '--! the integrated DLC controller
was slightly superior.

6. POWERED-LIFT STOL AIRCRAFT

During the 1960's, NASA's handling qualities rewarch related to powered-lift STOL airc-lft was centered
about flight tests of a variety of experimental aiicraft For the mos; part. the ground-based simulation programs
)crformed during this time period directly supported the flight investiga'ions. with simulators being used in several
instances to study handling qualities problems experienced during initial flight evaluations. Recent research has
corcentrated on exploring the handling qualities and stability augmentation system requirements of new experi-
mental STOL aircraft tinder development and STOL transport configurations which incorporate powered-lift
concepts not previously flight tested.
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Eight powered-lift STOL aircraft were tested and evaluated in flight by NASA. These were the Stroukoff
YC-134A, Lockheed NC-130B, Ryan VZ-eRY, Breguet 941, Shin Meiwa UF-XS, Boeing 367-80, Convair Model 48
and DeHavilland C-8A. The results from most of the flight investigations and supporting ground-based simulation
studies are documented in References 51 to 63. The aircraft had gross weights ranging from under 3,000 pounds to
over 150,000 pounds; wing loadings from 23 to over 65 pounds per square foot; and approach speeds from 40 to
90 knots. The majority of the tested aircraft were powered by turbo-propeller engines, although two were powered
by reciprocating engines and one was a jet transport prototype modified with a boundary layer control system which
provided some degree of powered lift. In the flight evaluations and simulation studies, the landing approach task

received major emphasis. With some of the aircraft (e.g.. References 51, 54, 56 and 60), only VFR approaches were
made because of marginal capabilities of the aircraft or lack of adequate displays. Others were flown on simulated
instrument approaches, and one (Reference 63) was evaluated during normal and steep ILS approaches in actual
IFR weather. In view of the extensive correlation and analysis of the results from these test programs (Reference 64),
the individual flight and simulation studies will not be reviewed in this paper.

The increased interest in powered-lift STOL aircraft for commercial air transportation that occurred in tne late
1960's brought about a review and re-examination of NASA's experiences with such aircraft and resulted in the
development of the airworthiness guidelines and criteria contained in Reference 64. This report emphasizes the
characteristics of powered-lift STOL aircraft in the landing-approach mode that would be required for ,afe and
consistent routine civil operations in a wide variety of weather conditions. Three aspects are considered: the
low-speed performance envelope and safety margin restrictions, take-off and landi-g field lengths, and handling
qualities. The handling qualities criteria presented in Reference 64 are divided into two groups - those for aircraft
responses to pilot control inputs and those for stability and damping to limit the aircraft's response to external
disturbances. For both groups two criteria levels are proposed - one for satisfactory operation and a !.-cond for
safe operation. The handling qualities items are expressed in terms of parameters that are easily recognized and
appreciated by the pilot and readily evaluated in flight tests for compliance.

Reference 64 also presents and discusses the experimental data that substantiate each of the recommended
criteria. Figure I I shows the flight tests results used to develop the criteria on lateral-control cross coupling, and
Figure 12 indicates the flight and ground-based simulator data that suppolt the proposed levels for spiral stability.
Although criteria for many of the important handling qualities factors are pre!sented in Reference 64, sufficient
experimental data were not available to develop quantitative criteria for several significant facets of powered-lift
STOL aircraft handling qualities, and the report discusses those items that require additional research.

There are several powered-lift concepts for turbofan STOL jet transports that have not yet been flight-tested
in experimental aircraft. Among these are the externally-blown flap and the augmentor wing. Both of these
concepts have received consiucrable emphasis in NASA's recent research program (Reference 65) which resulted
from the increased interest in civil powered-lift STOL transport,. A large portion of the recent aerodynamic,
propulsion, noise, and handling qualities research has been oriented toward new experimental aircraft and
configuration designs with these powered-lift concepts. References 66 and 67 present the results of simulation
studies of the handling qualities of two trarspori .:onfigurations incorporating externally-blown flaps. These
investigations of the instrument approach task have been oriented toward determining the stability augmentation
required to achieve satisfactory handling qualities, and the benefits of direct lift control and artothrottles. In the
Reference 67 study, the visual landing task was included in order to evaluate the ground-effect characteristics
expected for the externally-blown flap configuration.

7. VTOL AIRCRAFT

Since the early 1960's NASA's handling qualities research on VTOL aircraft has included major efforts on
ground-based and in-flight simulation studies, display investigations, and flight tests with experimernal aircraft.
Recent helicopter handling qualities research has been rather limited, and emphasis has been primarily on research
oriented toward non-rotary wing VTOL concepts. Although work has been done on hovering and low-speed
visual flight, most of the recent research has concentrated on IFR terminel area operations and has followed very
closely the consideration% and recommendations made by Reeder in the mid-1960"s and reported in Reference 68.

References 69 to 71 present results from early 1960 flight handling qualities investigations with three different
helicopters. One of these, the 13.000 pound tandem-rotc-r transport heliicopter reported in Reference 69. had been
selected for use as a variable-stability aircraft. Before the modifications were made, several of its unaugmented
stability and control cha:acteristics were cialuated to determine the applicability of V/STOL handling qualities
specifications to a helicopter of' its siue and configuration. The question ce the effect of a helicopter's si7e on
handling qu:iitie., criteria also led to flight tests of a one-man helicopter with a gross weight of appro .imately 500
pounds (Reference 70) and an evalut1tion with a 30.000 pound single-rotor helicopter having variable control
sensitivity and angular rate damping in the pitch and roll axes (Reference 71).

Recent helicopter handling qualities research has centered on hingeless rotor systems and compound

helicop~ers. Initial fl;gl|t tests, documented in Reference 72. were performed with a rudiment:ry hingeless rotor
systcm installed on a standard Army obstrvation helicopter. Both a turbine-powered helicopter with a more
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refined hingeless rotor system and a teetering-rotor helicopter were then used in a flight investigation on the
handling qualities factors limiting the performance of simulated nap-of-the-earth tactical maneuvers. As
reported in Reference 73, the initial angular response characteristics, particularly about the roll axis, and the
sensitivity of the height control had significant influences on the pilot's ability to rapidly maneuver the
helicopters over the various test courses. Results from flight evaluations of a hingeless rotor compound helicopter,
one of several experimental high-speed rotary-wing aircraft tested in recent years, are documented in Reference 74,

Z Research on VTOL hovering and low-speed handling qualities under visual flight coneitions, performed in
the early and mid-1960's, were accomplished using two variable stability aircraft, the X 14A and the CH-46B
helicopter, and a ground-based 6 .legree-of-freedom motion simulator. Major emphasis was placed on control
power considerations because of their significant irfluence on the design of jet VTGL aircraft. Reference 75
presents the results from an X-14A flight test investigation of the effects of lateral control power, control
sensitivity, and rate damping on the pilot's performance of precision hover and maneuvering tasks. X-14A
flight data were correlated with initial 6-degree-of-freedom simulator results, and the simulator was then used to
"investigate lateral handling qualities during hover and low-speed maneuvers with acceleration, rate, and attitude
control systems. As reported in Reference 76, the study indicated that the attitude control system realized the
most favorable pilot ratings and was evaluated as satisfactory at lower lateral control power I,,els. Additional
information on the effects of simulated disturbances and the influence of ccntrol non-linea .s contained in
Reference 77.

Pilot evaluations of control power and damping for both the roll and p'tch axes, obtain. -oi.r the X-14A
and the 6-degree-of-freedom simulator, are presented in Reference 78 which also reports on the effects of decreasing
the degrees of simulator motion. Figure 13 shows that at least 2 degrees of motion freedom were required to
obtain results essentially similar to the flight data when roll axis maneuvers were rated. The X-14A and the
6-degree-of-freedom simulator were also used to investigate a direct side force system for low-speed lateral
maneuvering. As reported in Reference 79, satisfactory handling qualities were achieved at lower roll control
power levels fir a simple lateral-offset maneuver, but the system was not preferred by the pilots for the more
complex maneuvering tasks evaluated. Additional data from tests with the X-14A, including the effect of the
roll control system time constant, are contained in Referen.e 80.

Research performed with the variable stability CH-46B helicopter on precision hover and low-speed visual
flight tasks included the investigation of control power and sensitivity effects for the pitch, roll, and yaw axes
reported in Reference 81. Height control considerations, "nch:ding pilot evaluations of thrust-to-weight ratio,
height control sensitivity, vertical damping and lifting system response time delay, were also studied. As noted in
Reference 82. the results indicated that the task involving acceleration and climbout from hover imposed a more
stringent requirement on the thrust-to-weight ratio than the deceleration to arrest the descent rate at the end of
a landing approach. Consideration of simultaneous attitude control usage, a matter of particular importance for
VTOL aircraft with reaction control systems, was also investigated with the CH-46B helicopter. The results of
the flight study of various maneu;'ering tasks are contained in Reference 83. Another program using the variable
stability helicopter was a study of on-off controllers for pitch and roll control. Initial results of the effects of
control power level, rzte damping, out-of-trim conditions, static stability, and simulated disturbances are contained
in Reference 84, and Reference 85 documents the complete flight investigation. Related handling qualities data
obtair- .d from flight tests of a lunar landing research vehicle are reported in Reference 86.

In the mid-1960's Reeder pointed out the need for greatly improved displays in order to achieve successful
VTOL terminal area operations under instrument weather conditions. A NASA research program was initiated to
evaluate a variety of displays with the eventual aim of a hieving approaches, decelerations to hover, and vertical
descents to touchdown under instruments in zero-zero conditions. Various information display concepts for VTOL
aircraft instrument landings are categorized and described in Reference 87 which selves as a basic guide to the
individual flight tests of increasingly sophisticated display systems perforneCd with a helicopter -s the teot vehicle.
The first display incorporated a vertical situation flight director indicator, a horizontal situation indicator, and
small vertical scale instruments for airpsced, altitude, and several other measurements. As reported in Reference 88.
four cnfigurations of the guidance-attitude elements of the display were evaluated. With the best system.
satisfactory guidar.ce along a 6-degree glide slope could be maintained at airspeeds below that for minimum power.
Although instrument approaches to a 50-foot br, ,1cout and v~sual slowdowns to hover could be flown with fairly
high repeatability, the operational u.le of the test displays would require considerable pilot training. The task of
reducing speed under instrument cenditions was generally too difficult with the crows-pomnter type displays.
Displays subsequently evaluated in this program included a moving-map instrument (Reference 89), a closed-
circuit tclevhion system (Reference 90), a contact-analog (Reference 91), and a system incorporating both moving-
graph and moving-man pictoritl situation displays (Reference 92). Although vertical landings with the test

helicopter have been accomplished under simulated zer,-zero condit'ons using the real world display of the :losed-
circuit television .systemu. this task has not been accomplished successfully with any of the other display systems
evaluated.

Inflighlt simulata,-n .tudies oriented toward IFR terminal area operations have been underwal with the
variable stability Clt46B helicopter since early 1960. The initial tests in this c . .uing p-Jgram were related to
stubility and control characferistics, and the more recent investigations have con. ntrated on command
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augmentation control systems and display concepts, with the eventual aim of successfully performing safe IFR
curved decelerating approaches to an instrument hover and landing. The recent studies have been closely
associated with the display evaluations discussed previously. Reference 93 describes the results of flight simulations
in which variations in directional statiL stability and damping, dihedral effect, and directional control sensitivity
were evaluated in both VFR descending approaches and hooded instrument approaches on a 3-degree glide slope.
Effects of changes in longitudinal characteristics, including angle-of-attack stability, speed stability, pitch damping,
and longitudinal contrc,! sensitivity, were then evaluated during IFR up-and-away maneuvers performed with the
variable stability CH-46B helicopter. The results of these tests are reported in Reference 94 and compared with
data from other longitudinal handling qualities investigations in Reference 95.

Recent CH-46B flight evahl;ations, aimed at developing a capability of instrument decelerating approaches to
hover, have been made with the helicopter's electronic equipment being used to mechanize command augmentation
control systems and flight director display logics. Constant speed, constant 6-degree glide slope instrument
approaches to 50-foot altitude have been included in the program to serve as a basis for comparison with the
decelerating approaches. In the constant speed tests reported in Reference 96, the control-display configuration
included attitude command stabilization in pitch and roll, automatic turn-following in yaw, a moving map
instrument and flight director commands for pitch, roll and power presented on an attitude director indicator.
Although with this system the pilot could perform acceptable constant speed approaches on a consistent basis
using relatively small control inputs, the task of tracking three flight director commands tended to detract from
his ability to scan the remaining instruments, and he had some doubts as to the overall status of the approaches.
Referencc" 97 and 98 report the results of the recent flight evaluations of the instrument decelerating approaches
made along a 6-degree glide slope, and also describe instrument hover tests performed to establish the constant
flight director gains used. During the initial testing when the flight director logics were being developed, a glide
slope dropout problem was encountered that was found to be related to the helicopter's power-required
characteristics. As shown in Figure 14. glide slope tracking performance improved when a body-mounted normal
accelerometer signal was used instead of the height control position signal in the flight director logic for power
commands. Even with this improved logic, the pilot's workload was very high, and the tests indicated the need for
better integration of displayed command and situation information.

Recent NASA flight tests with experimental VTOL aircraft have investigated configuration-oriented handling
qualities factors. with emphasis on low-speed characteristics affecting terminal area instrument flight operations.
The five tested aircraft, representing four different VTOL concepts, were the tilt-wing CL-84 and XC-142A, the
vectored jet thrust Kestrel, the lilt fan XV-SB, and the mixed jet propulsion DO-31. They had different degrees of
sophistication in the displays and stability augmentation systems installed, and consequently, the ability to simulate
instrument approaches varied. The Kestrel. a single-place aircraft with no augmentation, represented one end of
the spectrum, and the t)O-31, a two-place aircraft with attitude command stabilization and IFR displays, represented
the other en6 Flight evaluations of the CL-84 were performed in the mid-1960's. and tests of the other four

aircraft were only recently concluded.

"The abbreviated flight-test evaluation of the CL-84. reported in Reference 99. was concerned primarily with
the handling qualities in the hover and transition modes of flight and did not include simulated instrument
approaches. However. characteristics that might affect glide path control during terminal area instrument operations
were investigated. The handling qualities of the CL-84 in hover, transition, and cruise were considered good by the
NASA pilots, although low normal-velocity danmping was experienced at a low approach speed which affected the
aircraft's open loop rate of descent stabilization following a slow decrease in power. In the XC-142A flight
program. two stability augmentation-display configurations were evaluated in tests that included complete terminal
area operations initiated by instrument penetrations in the cruise configuration. As noted in Reference 100.
modifications in the stability augmentation from a rate system to a low-gain attitude system and changes from
conventional flight director displays to VTOI. flight director logics significantly improved the low-speed instrument
approach capability. The XC-142A pilots also evaluated the minimum comfortable altitude for breakout from a
simulated instrument approach to a visual land"ig. and Figure 15 shows that the results were affected by both
the approach speed and the glide slope angle.

The XV-5B flight program. summarized in Reference 101. emphasized simulated precision instrument landing
approaches and investigated the effects of variations in aircraft deck angle. decelemation schedule. and powered-lift
management on the handling qualities during approaches that included decelerations along the glide slope to a spot
hover. The pilot preferred a deck angle parallel to the glide slope during the approach rather than a deck-level
altitude, anti with the preferred technique used the powered-lift colietive control to correct glide slope errors,
while maintaining near 7ero angle oi attack with the longitudinal pitch control. It was also found in the XV-5B
tests that the pilot's wo:kload was reduced if the deceleration schedule was delayed, until the aircraft was well
established on the glide slope. Basic operational aspects of VTOL instrument approaches, derived from the most
recent NASA flighi studies with experimental \7TOL aircraft including the Kestrel and I;O-3 1. are outlined "n
Reference 102.

In the last several years the status of a major portion of NASA's VTOL aircraft handling qualities research.
particular!v the programs involving di-;play evaluation-, in-Ilight I1FR simuilations, and experimental aircraft flight
e,,ts. has been reported in papers presented at various technical secievv' meetings. These reports. References 103

i t l=
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to 107, have summarized the highlights of much of NASA's VTOL terminal area research work and have indicated
the strong interaction between displays, stability augmentation systems, and basic airframe characteristicb on the
handling qualities of VTOL aircraft.

8. CONCLUDING REMARKS

Primarily, this paper has considered the past with regard to NASA's handling qualities research. Many of the
programs reviewed in the paper are continuing, and others are currently underway. Research on general aviation
aircraft will continue to emphasize improved stability augmentation systems, displays, and automatic coupling with
guidance/navigation systems to achieve complete IFR capability in adverse weather conditions, and will explore new
methods for improving light aircraft handling qualities to aid the relatively inexperienced pilot. Subsonic jet trans-
port research will emphasize super-critical wing technology. Related handling qualities efforts will increase as more
refined aerodynamic configuration data become available and super-critical wing experimental aircraft enter
extensive flight testing. NASA's handling qualities research related to supersonic cruise aircraft will include
continuing activities to develop improved certification criteria for supersonic transports and expanded research on
strategic military aircraft. Tactical military aircraft research will emphasize the handling qualities problems
occurring a+ high angles of attack during maneuveri;,g conditions, and STOL aircraft research will center about new
configuration concepts and experimental aircraft incorporating augmentor wings, externally-blown flaps, and lift
fans. A wide variety of VTOL aircraft handling qualities research will continue, emphasizing terminal area instrument
flight operations and the improvements needed in displays, command guidance information, and stability augmenta-
tion systems to achieve an instrument decelerating approach to hover capability. Expanded activities on new
rotary-wing aircraft concepts and special helicopter piloting tasks will also be included. TPc importance of the
pilot is recognized in NASA's overall aeronautics program, and handling qualities research will remain a significant
part of the total research effort in the future.
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LEAD DISCUSSION

by
Domenico Covelli

FIAT Sez. Velivoli
10146 Torino, Italy

To commnt on the great amount of research on handling qualities carried out by NASA in the last ten
years and presented to us by Mr. Kasicko is a rather hard task considering I have only ten minutes
to do it.

Therefore I will expose only some considerations on this paper with the intention of raising a useful
discussion by the present delegates to the Meeting.

A first consideration: we can say that the research work conducted by NASA has been addressed especially
to find out new evaluatim criteria or new requirements for handling qualities, stressing the pilot's
ability to perform the required task. Therefore we can define such handling qualities criteria as
"task oriented". I completely agree with this principle which is understood in the definition of
handling qualities given by Cooper and Harper and mentioned in Mr. Wasicko's paper.

But if we consider, as an example, a typical task which has been the subject of many investigations,
namely the approach and landing task, we realize that despite the great evolution in aircraft in terms
of performance, physical dimensions and aerodynamic configuration, this task has remained practically
the same - that is, follow a straight path with rore or less slope with respect to the grouni, holding
the speed constant. This was valid for a DC-3, as now for a Jubo Jet or a Concorde. But if the task
is the same, and I assume also the pilots are the same, why new criteria?

Obviously we have to recognize that if the task is the same the conditions under which the task must
be performed have changed, as Lor exaple the approach speed, the behaviour of the modern aircraft under
external disturbances, and the presence of new augmentation systems and sophisticated pilot displays.
W have to conclude, in a rather obvious manner, that the handling qualities criteria are determined not
only by the task but also by the conditions under which the task is performed.

But if we look at the evolution of handling qualities criteria and at the enorws quantity oW research
studies which have determined this evolution, my feeling is that at least until today, the purpose of
this research was to soive the immediate problems that were brought about by changing the task conditions
rather than an attmpt to solve the more general problem uf the interaction between man and machine. The
approach followed could be. defined as a pram. tic way to attack the problem and one which gave us results
of limited application. It would be very difficult to extrapolate the results of this handling qualities
research even to similar aircraft but operating in different conditions until we get more accurate know-
ledge about the role of the pilot in accomplishing the task.

I don't want to say that the importance of the pilot hss been ignored. In fact, there are well known
studies conducted by Messrs. Ashkenas and Y)ruer of S.T.I. and by others with the purpose of describing
pilot behaviour by a mathematical eodel, not just to replace the pilot with a "paper pilot", but because
modem servomechanism theory can be very useful in understanding pilot behaviour and in the interpreta-
tion of the pilot's assessment. I appreciate very much this new approach because I feel it is a first
attempt to solve the general problem.

I wovIld like to conclude with an expression of appreciation for the NASA research on aircraft handling
qualities, pointing out the need for synthesis work aimed at getting a better understanding of the inter-
action between the pilot and aircraft to get the mximm benefit from this impressive research.
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OPEN DISCUSSION

D. Davies, ARB, UK

What are the contributions of all the research to civil aviation? This is really a plea to
research, not to get too far ahead, but to aid civil aviation with the problems which arc presently

My comment is to reiterate that technical people need time to do their jobs and do them correctly.

C.B. Westbrook, AFFDL, USA

The trade-offs encountered during the developmnent of aircraft are numerous and what we don't have
is any clear-cut incentives for the designer or procurement activity to judge what he is willing to pay
for. We need this in the early stages of the dcvelopment, not after the aircraft is flying.

J. Teplitz, FAA, USA

I agree with Mr. Davies. It was only recently that FAA could fund research. Our programs are
for the benefit designer and the standards for civil application.

Sqn Ldr D.C. Scouller, RAF/ErPS, UK

It is clear from discussion that spin characteristics are causing difficulty with modern
military aircraft. Would anyone tell me whether it is possible to build an aircraft specifically for
spin research since this is an area in which knowledge is poor. I suggest such a vehicle would require
variable control power, variable stability and variable inertia characteristics.

J. Gallagher, Northrop Aircraft, USA

The new VSS fighter aircraft that USAF is undertaking could be designed to inv-stigate various
areas of stall and qvins.

5;
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PANEL DISCUSSION

TIME: ItB• DO WE GO F001 HEE?

Chair=nn: P. Lecote, Aerospatiale, Toulouse, Prance

[.H. Doetsch, DFVLR Institut fuw Flugfurung, masclmieg, Germany
O.H. Gerlach, Delft Uniwrsity of Tedmology, Delft, Netberlmads
W.T. Heailton, The Boeing CQugy, Seattle, Vatingtol, USA
D.M. MGregor, Nationul Research Council OttWS, Ontario, Canada
J.B. Scott-Wilson, Hawker Siddeley Aviation Ltd, Woodford Aerodrome, England
J-C. Wumer, Service Technique Aeronautique, Paris, France

Introduction by P. Lecoute

We have spent three days discussing various aspects of handling qualities criteria and require-
ments, trying to outline where we stand. I think that the presentations and discussions have brought
into light certein numbers of points of view, sometimes consistent, sometimee conflicting. These have
been identified as a large number of uncertainties or prublem areas. Finally, the only absolutely
sound requirement was and still is, the aircraft should be safe and efficient for an average pilot.
So the problem exists for the contrantine agency which has to insure that he is spending the money he
has for a product which will meet its objectives. But he does not want to spend too such money by
beinig unduly exacting to the produt. The problem exists for the authorizing authority, who has the
duty of being mure that the aircraft will be sufficiently safe in service, but on the other hand, he
doee not want to prohibit the progress of public transport. The problem exists for the designer who
has to design, and build an aircraft to meet, to some extent, unknown requirements or insufficiently
defined requirements and on the other hand that if they are too much defined his freedom to make a
successful aircraft will be very limited. And finally a problem for the people in charge of acceptance
to check with the products they have in hand to see if they meet the objectives.

J.B. Scott-Wilson

I was very tempted to start getting involved with criteria and requirements. After thinking
about it, it seems to me that there was a broader picture emerging from the course of our meeting
here. This is a very unique meeting because we have researchers, certificators, and contractors all
looking with different views on the same topic. In my office, I have two books - one i, BCAR's
(British Civil Airworthiness Requirements) and the other is AvP 970 which is actually three books and
slightly bigger than the BCAR's. As far as BCAR's are concerned they provide me with a very clear guide
which I know was based on experience, and I know it is international and in addition I know that it is
updated very frequently. We have heard from Mr. Andrews that AvP 970 is going to be updated, from
Mr. Wanner that they would probably use 8785 and thanks to Mr. Westbrook I have read NIL-F-8785.
I noted that from 8785 that from 1954 to 1968 apparently it wea unaltered.

I think the difference between what the civil people do and what the military people do is
very significant. I know that if I have a question on the civil side, I can ring somebody up at
ARB and they will explain the requirement to me. On the military side. the situation isn't so clear,
and I do believe that one thing that emerges from this meting is the need for much clearer integration,
across the western worldof military requLrementu. I think there is a big field here where a lot could
be done, instead of each country or service doing his little bit. I think that a common standard could
cover a large part of the requirements. This would have the benefit of being updated regularly and
allowing each country to comment and feed into it their experience. For instance, the V/STOL require-
ments we have MIL-F-83300, from the United States Air Force and AGARD produced 577 as a compendium of
experience of the various NATO countries. I think that it is true to say that it (ACARD 577) has a
wider background of data than was available to go into 83300. So here is another case where more coopera-
tion and integration could well produce a better standard of requirements. Another facet which comes
out of the civil requirement, is that civil people are very aware of the importance of performance to
the contractor and that handling qualities and performance are very closely integrated. Certainly more
closely than that indicated in 8785B. Don't let's separate performance and handling qualities.

On turbulence, we are having a meeting in the Spring of 1973 on flight in turbulence. My
impression is that the clear air turbulence situation is making big studies. But in the V/STOL case,
quite close to the ground, we still have a fair way to go to really establish the right sort of models
from enough measures. In particular, to identify the worse possible case in the way of gusts either
due to hot spots in the atmosphere or flow around buildings.

The third comment is on simulation. I just wonder if we put enough fear content into our simula-
tions. I heard two comments regarding situations where the pilot was frightened and that it must have
an impact on his workload capability. How we put this in, I don't know, but certainly, the difference
between flying a simulator and flying something where you know you are in highly dangerous position,
must produce a different human reaction.

D.N. McGregor

In working with the ACARD committee on handling qualities and looking into ACAMD 577, it seems that
the main problem was coming up with reliable data in a useful form. This was the basic reason it took so
long to come out. As Mr. Harper pointed out earlier in the week the pilot rating without pilot comments
are virtually useless, because you can't possibly tell why the pilot rated it so. Thus my plea is that
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we should try to come up with some rtandard way of gathering information and even more important a
standard way of presenting the information and recording it. The evaluation maneuvers contained in
the back of AGARD 577 are an attempt to do this and try to at least get V/SrOL aircraft assessed a
particular way. Seth Anderson has been asked by the Flight Mechanics Panel to act as the central
clearing house for any ccmments regarding AGARD 577 and its updating.

The main problem in the V/SrOL area seems to be the lack of information about instrument flying
criteria. We don't seem to be clever enough right now at combining various aspects of handling qualities,display requirements, and the man-machint system under these conditions.

AGARD can operate in a standardizing role. In one of two ways it has started right now in a
working group chaired by Prof. Gerlach of the Netherlands which is going to look into simulation. Part
of their responsibility is coming up with a standardized model of the atmosphere for take-off and
landing simulations, standa..ization of ILS noise, maneuvers for simulator handling qualities evaluations
and the providing of data for reference aircraft.

O.H. Gerlach

I think our main gap of knowledge can be described aa follows: The final judgment of the
acceptability handling qualities parameters is based onthe pilot's opinion. We are qtill tar removed
from the situation where we have a full and satisfactory understanding of the way in which the pilot
arrives at his opinion and comnents. TI pilot workload seems to be the catchword. It occurs to me
that the Flight Mechanics Panel could G something to fill this gap. Not new research, but to bring
together the people involved to involve cooperation.

K.H. Doetsch

The requirements must be written so that they are directly translatable to the designer.

I think better monitoring for the pilot - the pilot should have available ro him the information
regerding the energy remaining, not only throttle, but also the energy in the form of kinetic energy.

1: additional point, requirements must remain flexible. The way I did this in 43 was to give a
discussitn of what I meant by it. I think it is very ioportant to have a good explanation of all of
the requirements.

0.. should keep open numerical values that have to be achieved right up to the last moment of
fixing the specification and mission of a particular aircraft. There are few figures that can be
applied generally, those that apply to the human being. But most figures are really related to the

* mission and standard of training the pilot has had.

AGARD represents a very vast background of experience and this should be gathered continuously,
updating and standardizing requirements.

W.T. Hamilton

I believe, first, from th- standpoint of establishment of criteria and requirements, that we
should arrive at very basic or fundamental criteria and based on these criteria we should then select
requirements for the particular dircraft task we have in mind.

There is still room for investigation into the area of pilot opinion and comments. Another area
I feel is important is in the area of establishing prio-ities for the various criteria and deterningng
how to best achieve the most effective aircraft for the *oney available. This approach may force you
to a point-designed aircraft, which will not have the versatility of the aircraft of the past.

S* J-C. Wanner

I shall propose three things about the problem criteria. I think that the approach made by Mr.
Anderson is a very goud one. If we use a more sophisticated model of the pilot, mainly if we take into
account more than one degree of freedom. I think the pilot does not work at all like an autopilot. I
did not insist enough yesterday on that point when gave a description of my pilot model. All of the
operation in each loop are fulfilled successively ai.a the different loops are switched on successively.
The successive switching on are not random, hut are chosen by the brain in a way we have to study more
precisely. Nevertheless I think that it is possible to build a model which, statistically, is consis-
tent with the true pil-:. This model should not be a representation of the pilot, but could be a tool
to prepare new criteria. So I think we could try to build new criteria using this type of sophisticated
pilot model.

On the other hand, I think it would be good to take into account in the criteria the presentation
of the flight data to the ?ilot. It is evident that when, for instance we decrease the precision of the
horizon, we make some modifications in the behavior of the pilot and It will change the pilot rating,
even if the characteristics of the aircraft are not changed. What about the presentation of bank angle,
pitch attitude with digital presentation? The aerodynamic characteristics would be the same, but the
pilot rating would not. I think we have to increase our research on that point of view and try to
Include the problem of data presentation in the criteria. I don't know how to do it, but I think we
have to look at that.

Another point, I think the longitudinal criteria are not very good for heavy aircraft. It seems
that all existent longitudinal criteria are pretty good for fighters, but our studies have shown that for
Concorde or Airbus the lengitudinal criterip are very wrong. It would be neceesary to Improve this type
of criteria, to take into account maybe not the weight, but the shape of the aircraft.
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The area of workload needs to be defined. What we need is a common definition for workload..ii
DISCUSSION FROM FLOOR

Wunnenberg, Dornier, Germany

I would like to answer some of the questions of Mr. McGregor. He said that it was difficult to
get data from actual VTOL aircraft, to get a better background of the AGARD report. This is true -
it was very difficult to get this data. We got his proposal for maneuvers very eavly and we gave this
proposal to our flight test people. We told them that we felt it was a good way to test handling quali-
ties. But they said it was impossible to do with our money. They said with our Doney we could do
about 1/10 of this catalogue. I think that one of the results that came out of the NASA-Dornier Corp
testing of DO-31 was that the handling qualities of the hovering flight is not of great interest.
These handlinp qualities are done by the automatic stabilization system. It is, of course, of interest

!• for future work that you have to know the combination of the aircraft, automatic stabilization and

pilot. The problems with VTOL were the transition and the power management during transition. I think
the most important point in this field is to reduce the pilot workload. The workload during transition
and under IFR conditions. We did a very few flights under simulated IFR conditions with the DO-31 and
it showed that there is a big field of future research to improve the control devices and the displays
for VTOL aircraft.

We have an Idea of what future VIOL studies should be. That is to develop a new guidance and
control syaem for the landing phase of VIOL aircraft; to prove all-weather capability especially for
commercial aircraft and show how VIOL air traffic can fit into conventional air traffic. As we think
that one of tte advantages of VTOL aircraft is the enlarging the capability of existing airfields as
this trafic mn be separate from conventional aircraft.

McGregor, !:f.IN/AE, Canada

The cai.alogue of maneuvers in the back of AGARD 577 was meant to try to cover everything possible,
s T can appreciate your flight test people shying away, especially in a jet lift vehicle.

K.H. Mi'sch, Germany

Just cie additional remark. If we start using black boxes, we do it in the proper way. The DO-31
was not devc1tred to the stage it should be developed. For instance, to make the transition you have
to separate axes again, you must really decouple the controls for the pilot. Tha: can be done with
black boxes but they must be reliable.

R.F. Sievert, U.S. Navy, USA

To Mr. Scott-Wilson and also to Ptof. Doetsch on this business of 8785 and where it fits into the
picture and flexible requirements. A little rundown of how we procure aircraft within the U.S. Navy.
We start with 8785 in its present version as a point of departure and what we do is when we decide ro
buy a new attack aircraft, for example, is start with 8785 and strike out' all the things that are
not applicable to attack aircraft. Then we decide to add in new requirements, based on the latest
criteria or data we have available or basedon our recent experience with our own aircraft. This
we call a "type" specification, and is put out for the contractors for them to bid against; of course,
the performance requirements, the structural requirements, everything is put in here. At the time we
select an airframe manufacturer to build the airplane, we sit down, ocross table, and argue out the
requirements and we finally arrive at what we call a "detail" specification which is the document signed
by both parties and is the thing the aircraft is designed against. It is not 8785 as it sits on
the shelf. So we do have the flexibility we build it into the system. The remark that 8785 (ASG),
no "B" after it, 1954 version remained in its present state for so many years, this is not really
true. Because Mr. Brynes S-3 airplane was essentially procured against 8785 PSG and the flying qualities
requirements he has to meet are considerably different from those in the 1954 document.

To follow-up somethinig Mr. Hamilton said that while safety is of paramount importance, the military
aircraft has to go a step beyond. Somehow we should push toward translating Harper's pilot opinion ratings
into mission performance, mission effectiveness, combat effectiveness, whatever thb' term has to be.
IVe have to get a performance measure to translate from the flying qualities to the pilot opinion to the
actual performance characteristics, not the lift drag characteristics but the ability to hit the target,
etc.

Scott-Wilson, Hawker Siddeley, UK

One ccmment, I think there should be feedback of what you finally aLree with your cqntract into
the system that is producing the book (8785). This is what is continually happening in the civil world.
They are continuously looking their requirements and they get their experience from operator, contractor
feedback into the requirements as a living process. I think the military requirements have been far
too much a case of we'll start with the book then we'll diverge away to where we want to go to and
leave it at that. My plea was mere that the military requirements could be much more valuable if it
were a "living" document, that had the feedback into it from all of the people who are using it as a
basis and that some mechanism whereby this could happen would improve its basic status considerably.

Deque, A-erospatiale, France

We have now in existerce an assembly of criteria, for example, 8785 and on the other side we have
aircraft flying every day. Would it not be possible for somebody to put the characteristics of these air-
craft on the existing criteria. This could be cuite helpful to the designers.
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R.O. Anderson, AFFDL, ISA

Regarding your question on comparing aircraft against tha specs, yes we are trying to do that.
The Air Force has spcesored several contracts along that line. The first was an attempt to compare the
F-4 against MIL-F-87b3B, that report is out. We are al:s looking at the F-ill, F-5, and T-38.

Deque, Aerospatiale, France

I would like to see some civil aircraft too

D.P. Davies, ARB, UK

We all speak from nested interests so yerhaps you will Zorgive my next comeent. This is addressed
to Prof. Doetsch, who made a plea to keep the nmbers open. Certification authority people are not
rigid, at least the ones I know, and we are flexible. But in the field of handling qualities there
comes a tize when you have to draw a line aid firm up on the numbers. One good example is the minimum
stick force to pull "g" on big transport airplanes. Over the years, and I am in favor of th 4i d-ve.t---
went, very large airplanes have become lighter and lighter to fly. But it is necessary it sometime
to do something about the airline gorilla who is quite ignorant in the way :e flys his airplane.
Now when you are in a horse trading agreement on today's airplane you can say the book says 50 lb
(50 lb Lo pull "g") taking into account the actual weight of the airplane in the flight condition, where
the stick force per "g" is least. Now if someone offered me airplane at 47 lbs to pull "g", I couldn't
argue, because what is 3 lbs in 50 lbs. But if we compromise and give in on that, then the next con-
tractor comes and says mine is only 42 lbs. How do you feel about that? So you go on and say what's
another 5 lbs so you give that away. If you go on like this you are guaranteeing a slow degradation
over the years. If you don't do something to stop it you'll get an airplane where a 3 lb 'ull force
will be enough to take the wings off, - now that's absurd. There will come a time when you'll have to
draw a line and stick to it.

Prof. Doetsch, Germany

I would agree with you on one point, that those requirements that are r(ally necessary for
safety, should not be negotiated.

Bernotat, Germany

I agree fully with Mr. Scott-Wilson, Prof. Gerlach and Mr. Wanner that pilot workload measure-
ments is a very important area. But I have learned that there is a lot of research work going on
outside of the aeronautical field. There is a Dutch scientist who has been working on this for ten
years now and is only concerned with this topic. There is no success up to now. So we shouldn't
believe that making up a working group of aviation medicine, guidance and control, and our panel would
help us in a very short time to get useful results.

Gerlai:h, Netherlands

I suggest that we don't go straight away and form another working group, probably wouldn't I
help very much. What I'm proposing is that we take stock of what is going ou elsewhere. We need to
have the information and within AGARD we just haven't got it. This is a situation which need not exist
and what I would like to see is some means of collecting the information and how we go on, or whether
we give the problem to other people. I'm not sure that others will deal with the workload problem in
the way we would need it. A

Scott-Wilson, Hawker Siddeley, UK

Thank you genrlemen. As you recall at the start of the meeting I said you are all specialists
and let's talk. Well you certainly did that and I thank you very much indeed for that. I would also
like to particularly thank those of you that prepared papers and those people who prepared lead discussions,
and all of those who were session chairmen and the interpretors.

° Ii
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